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ABSTRACT 

As conventional oil and gas facilities continue to age, stripper wells and marginal field operations 

are increasingly suspended, orphaned, and abandoned at an alarming rate. In remote and isolated 

facilities, the deployment of onsite renewable energy and low-cost, open-source communications 

systems is an increasingly promising trend for sustainable and reliable management of onsite 

operations. Throughout this research, a 100% renewable energy-powered microgrid is proposed 

for driving a remote oil well located in the city of Medicine Hat, southeastern Alberta, Canada. 

Two different oil and gas production system simulators: Quick Rod (QRod) and Production System 

Performance Analysis Software (PROSPER), are adopted to determine the optimal rating of the 

electric motor that can reliably drive the sucker rod pump. A parametric investigation is first 

performed in QRod,  and the result is then integrated with the PROSPER workflow to minimize 

the iteration time and produce a more efficient electric motor sizing.  The load applied by the pump 

on the rod string is determined in QRod by specifying the target production rate; and performing 

a parametric investigation to determine the impact of changing parameters (such as stroke rate, 

stroke length, and pump diameter), on the overall output torque on the polished rod and rod string 

loading, ultimately obtaining the minimum rating of squirrel cage electric motor required to serve 

as the prime mover for the remote oil well.   

The research then extends to the novel application of off-grid renewable energy systems for 

powering artificial lift in remote oil facilities. Considering the load profile of the producing oil 

well and Utilizing HOMER Pro software, the study evaluates various renewable energy 

architectures of solar PV,  wind turbine, and battery storage systems for both intermittent and 

continuous pumping scenarios. The feasibility study for the optimal sizing, technical, and 

economic feasibility of a renewable energy system for a remote oil well is performed. Two viable 
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alternatives are proposed, one based on cost minimization and the other based on minimization of 

unmet load. The most economical solution for repurposing idle wells at the selected remote 

location is identified as a system comprising solar PV and battery storage with intermittent 

pumping, offering a sustainable and cost-effective alternative to well abandonment and 

decommissioning. 

To enhance remote monitoring and control capabilities, a low-cost, open-source, Supervisory 

Control and Data Acquisition (SCADA) system based on Node-RED and Arduino 

microcontrollers was developed. This Internet of Things (IoT) based system comprises a main 

terminal unit, a remote terminal unit, and a local server, which is integrated with various sensors 

and transducers for comprehensive data collection, including accelerometer, temperature, flow 

rate, water level, voltage, current, and distance measurements. A web-based graphical user 

interface (GUI) is developed in Node-RED for data collection, logging, and visualization. To 

facilitate communication between the server and the client, Nginx is adopted as the proxy server 

between the local server and the router, to implement Hypertext Transfer Protocol, ensuring load-

balancing and basic access authentication. 

To gain deeper insights into the behavior of the overall system and predict the response to various 

environmental and operating conditions, design, dynamic Modelling, simulation and control is 

perfomed in Simscape. The load Modelling of the sucker rod pump which entails hydraulic, and 

mechanical domains is first developed, followed by solar-powered microgrid modelling and 

simulation. The outcome of the research is an end-to-end virtual representation of the microgrid 

which can be efficiently deployed to scale the system configurations, test different power supply 

and load scenarios, and fine-tune system performance. This lays a solid foundation for physical 

prototypes, saving time and fostering optimal resource allocation during implementation. 
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Chapter 1 

INTRODUCTION 

1.1. Introduction 

A significant portion of the world's oil production relies on artificial lift methods, making it 

crucial to minimize energy expenditure in extracting this essential resource. With numerous 

wells utilizing electrically powered beam pumping units, the proper sizing of prime movers 

and optimization of unit geometry and pumping modes have become paramount. These 

considerations reduce operational costs and maximize the conservation of primary energy 

sources. 

The optimization of beam-pumped artificial lift systems represents a longstanding challenge 

which continues to captivate researchers and industry professionals. Addressing this complex 

issue effectively, demands a multifaceted and intergrated approach. Such a strategy necessitates 

the careful consideration of a wide array of variables, including the specific conditions of the 

well, the unique properties of the reservoir, and the intricate specifications of the equipment 

involved. The ultimate goal is to engineer an artificial lift solution that maximizes efficiency 

while minimizing costs [1]. 

Recent advancements in this field have been achieved through the combined use of diverse 

simulation tools and analytical methods. This integrated approach has yielded notable 

enhancements in critical performance metrics. Specifically, researchers have observed 

substantial reductions in both damped and polished rod horsepower requirements. Additionally, 

these innovations have led to a decrease in the minimum motor size needed for effective 

operation, further improving the overall system efficiency [2, 3]. 

The design of beam-pumped wells is indeed a complex process involving the careful selection 

of various components to ensure an optimal pumping mode. This mode is defined by the 
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specific combination of pump size, pumping speed, stroke length, and sucker rod string design. 

When the pumping mode is strategically chosen, there can be an immediate and substantial 

reduction in power requirements and associated operational costs [4]. 

Well and fluid parameters significantly impact the design and optimal sizing of the sucker-rod 

pump system. This optimization process is crucial for the operation's economic viability. The 

ideal design of a sucker-rod pumped artificial lift system requires determination of precise 

system parameters and careful equipment selection to produce fluid economically and meet the 

well operator's technical and economic objectives [5]. 

It is essential to accurately estimate electrical demand and energy expenses for various 

combinations of prime movers, unit geometries, downhole equipment, and pumping modes. 

This enables the selection of the most efficient and economical configuration. The development 

of two key techniques underpins this approach: Optimal prime mover selection and precise 

prediction of electrical costs. This predictive capability forms the foundation for making 

informed decisions regarding equipment selection and operational parameters, ultimately 

leading to more energy-efficient and cost-effective oil production processes [6]. 

While continuous production is generally preferred in oil and gas extraction, certain 

circumstances necessitate intermittent production strategies. This approach is particularly 

beneficial for wells in specific situations, such as those approaching the end of their productive 

lifespan, wells prone to gas or water breakthroughs, or gas wells experiencing liquid loading 

issues. Intermittent production can help manage these challenges more effectively, potentially 

extending the well's operational life and optimizing resource extraction under less-than-ideal 

conditions. This method allows for better control of production dynamics, helping to mitigate 

problems associated with declining well performance or complex reservoir behaviors [7]. 

The petroleum industry is experiencing a shift towards less conventional and lower-quality 

reserves, which may lead to increased energy consumption and emissions in the coming years. 
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The rapidly growing number of aging wells exponentially amplifies the life cycle impact and 

administrative burden of these challenges compounded by the fiscal, environmental, and 

sustainability implications.  The extraction and processing of oil and gas are inherently energy-

intensive activities, often resulting in significant environmental consequences [8]. A promising 

solution to mitigate these challenges is the incorporation of renewable energy sources into oil 

and gas operations. This approach offers multiple benefits including reduced reliance on fossil 

fuels for energy production, potential decrease in operational expenses, lower emissions 

associated with extraction and processing, and conservation of petroleum resources for more 

valuable applications [9]. In certain scenarios, the integration of renewable energy has already 

proven to be a cost-effective and environmentally responsible method of meeting the energy 

demands of oil and gas operations [8]. 

The oil and gas industry is experiencing a growing trend towards marginal production of low-

quality fluids characterized by deeper wells with a high water-to-oil ratio, resulting in energy-

intensive production [10, 11]. This implies that the ratio of energy input to energy output 

continues to rise, providing an important opportunity to deploy renewable energy [10, 11]. This 

comes with the added advantage of curtailing direct emissions (tCO2e) and reducing the 

emissions intensity (emissions per barrel) in tCO2e/bbl associated with oil production [10, 11]. 

As the levelized cost of solar, wind, and battery storage continues to decline, investing in onsite 

electricity generation powered by renewable energy becomes an attractive alternative to deploy. 

Hence there is growing research interest for robust feasibility studies to determine where, when 

and how to sustainably and economically adopt these technologies in a way that ultimately 

reduces the environmental footprint and overhead cost of upstream production [10, 11]. 

An important determinant whether the system would be competitive or sustainable, is the 

appropriate design, sizing and implementation of onsite solar and/or wind powered distributed 

microgrids [10, 11]. When assessing the viability of energy systems, engineers should conduct 
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a comprehensive comparison of various options. This evaluation should include estimating the 

opportunity costs associated with diesel engines, analyzing the efficiency and cost of natural 

gas internal combustion engines, and examining the cost and reliability of battery storage 

systems. By weighing these factors against each other, decision-makers can determine the most 

economically and technically viable solution for their specific energy needs, considering both 

financial implications and performance characteristics [10, 11]. Designing the system to the 

peak load demand also ensures the system's resilience to deliver the actual load demand under 

varying environmental conditions such as solar irradiance, wind speed, and ambient 

temperature [10, 11]. 

The Canadian oil and gas industry is the largest contributor to Canadian Greenhouse Gas 

(GHG) emissions, releasing an estimated 217 million metric tons of carbon dioxide equivalent 

(MtCO₂e) and accounting for about 31% of total emissions in 2022 [12,13]. In 2024, the 

province of Alberta had over 470,000 registered wells [14], and about one-third (over 155,000) 

are currently inactive (suspended, orphaned, or abandoned) [15]. 

Abandoned oil and gas wells in Canada contribute significantly to greenhouse gas emissions, 

particularly methane, which is a potent greenhouse gas [16, 17]. Recent studies have shed light 

on the extent of these emissions and their underestimation in national inventories [16, 17]. A 

study published in 2023 estimated that methane emissions from abandoned wells in Canada 

amount to 85-93 kilotonnes of methane per year. Of this total, surface casing vent emissions 

represent 75-82%, accounting for approximately 70 kilotonnes of methane annually [16]. 

Another study from 2021 suggests that methane emissions from abandoned oil and gas (AOG) 

wells in Canada have been underestimated by as much as 150%. This research indicates that 

AOG wells are the 11th largest source of anthropogenic methane emissions in Canada [17]. 

The Canadian Government is providing up to CAD 1.72 billion to the provinces of Alberta, 

Saskatchewan, and British Columbia, and to the Alberta Orphan Well Association, to 
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decommission orphan and inactive oil and gas wells. The goal is to reduce methane emissions 

while supporting jobs. There are approximately 5,650 orphan wells and over 139,000 inactive 

wells in Canada. Alberta has by far the largest share of both—4,700 orphan wells and 91,000 

inactive wells—and will receive the largest share of funding with up to CAD 1 billion to the 

Alberta government and a CAD 200 million loan to the Alberta Orphan Well Association. 

Saskatchewan has 600 orphan wells and 36,000 inactive wells and will receive up to CAD 400 

million. British Columbia has 350 orphan wells and 12,000 inactive wells and will receive up 

to CAD 120 million [18]. 

In November 2024, the Government of Canada proposed the Oil and Gas Sector Greenhouse 

Gas Emissions Cap Regulations seeking to establish a national cap-and-trade system that 

applies to upstream oil and gas activities including onshore and offshore oil and gas production. 

This creates an incentive for operators to reduce their emissions and secures funds for 

investment in microgrid projects such as onsite renewable energy generation [19]. 

The Canadian government established the Low Carbon Emissions Fund (LCEF)  to reduce 

GHG emissions by 40% by 2030 and to achieve net-zero emissions by 2050. LCEF aims to 

incentivize cost-effective decarbonisation, generate clean growth, build resilient communities, 

and help create jobs for Canadians [20]. This demonstrates that the capital and operating costs 

to invest in infrastructure, deploy renewable energy and decarbonize the upstream oil and gas 

sector is available and accessible to well operators, and inactive wells are strong candidates for 

these initiatives. 

The paradigm recommended and adopted by the author in this research work is a technological 

approach which goes beyond indiscriminate and unsystematic plugging of idle wells, to 

adopting 100% renewable energy sources to curtail vented and leaked methane from idle, 

suspended and abandoned oil wells using existing technology [21]. This entails 100% 
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electrification of prime mover engines for pumping, producing, and transporting produced 

conventional oil and natural gas [22-24]. 

This research proposes an innovative approach to addressing key challenges in artificial lift 

sizing, system optimization, and remote monitoring of oil and gas facilities, particularly 

focusing on sucker-rod pumps, while incorporating low-cost, open source data collection, and 

visualization and monitoring capabilities. It examines novel and integrated approaches to 

modelling the adoption of renewable energy power supply system for artificial lift driven oil 

wells.  

 

1.2. Research Problem 

As conventional oil wells age, they plateau in production, and inevitably approach decline 

facing significant risk of being orphaned, suspended or abandoned. 100% renewable energy- 

powered artificial lift is proposed to sustain these aging wells. In doing this, the main research 

questions of concern are: 

1. How can the energy requirement of a candidate idle well be estimated? 

2. What are the parameters of a sucker rod pump artificial lift to consider when sizing? 

3. What are the technical and economic considerations for well operators to choose 

between continuous and intermittent pumping? 

4. How can artificial lift indices and production parameters be tracked using Internet of 

things SCADA and open source software? 

5. Can remote wells be 100% powered by solar energy resource?  If so, what is the 

impact of solar irradiance, temperature and other operational factors on the overall 

system performance? 

This research provides an alternative framework and strategy to scrutinize the inventory of 

available wells and systematically select candidate wells that can be profitably restored to 
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marginal production. This provides a clear framework to support reinvesting some of the 

abandonment budget in key long  term energy infrastructure. This approach could significantly 

extend the lifecycle of brownfield operations while reducing the environmental footprint of the 

upstream oil and gas sector and developing renewable energy generation capacity for 

distributed energy generation and storage. 

This research provides a 100% renewable energy approach for powering remote oil and gas 

operations while leveraging fully customizable, low-cost, open-source Internet-of-Things 

supervisory control and data acquisition systems for monitoring and managing production 

system operations. 

 

1.3. Research Objectives 

This study applies a multifaceted approach combining optimized sizing of sucker rod pump 

unit (SRPU) artificial lift system, advanced IoT-based monitoring and solar PV renewable 

energy integration. 

This research aims to design , models, simulated and controls an off-grid Solar PV renewable 

energy system having a low-cost, open-source Internet-of-Things SCADA system with the 

following main objectives. 

1.  To develop an integrated methodology for the optimal sizing of beam-pumped artificial lift 

systems by combining parametric investigations and iterative sizing techniques using 

petroleum production system simulators. 

2. To optimize the design and sizing of renewable energy systems for powering remote oil 

wells, particularly using a hybrid configuration of solar, wind, and battery storage systems. 
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3. To evaluate the technical and economic performance and feasibility of renewable 

energy systems for petroleum production, considering factors such as net present cost, 

levelized cost of energy, and operating cost. 

4. To design and implement a cost-effective, open-source IoT-based SCADA system for 

remote monitoring and control of low-flowrate oil wells, with a focus on data accuracy, 

remote data logging, and visualization. 

5. To design and develop a robust end-to-end dynamic model and simulation of the 100% 

renewable energy solar-powered microgrid and evaluate its stability and performance 

for remote flowrate oil well, under various environmental and operating conditions. 

 

1.4 Research Contributions 

The main contributions of this PhD thesis are: 

a. Sizing, Parametric Investigation and Analysis of Automated Sucker Rod Pump Using 

Beam Pump Simulators: This parametric investigation develops a novel, systematic and 

integrated approach  to optimal sizing and selection of the sucker rod pump artificial lift 

system parameters, combining and integrating two (2) artificial lift simulators and ensuring 

feasible design at the optimum energy requirement. 

b. Optimal Sizing and Techno-Economic Analysis of a Renewable Power System for a 

Remote Oil Well: This technical and economic analysis presents a novel comparison of 

intermittent and continuous pumping configurations of sucker rod pump artificial lift 

systems using various architectures of 100% renewable energy sources. The results provide 

a framework for comparing primarily based on cost and unmet load criteria. The outcomes 

provides options for a well operator to choose depending on either the unmet load  or cost 

criteria, based on the composition of the produced fluid.  
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c. Open Source IoT-Based SCADA System for Remote Oil Facilities Using Node-RED 

and Arduino Microcontrollers: This research presents an innovative approach to 

Supervisory Control and Data Acquisition (SCADA) systems for remote oil facilities, 

leveraging open-source technologies and Internet of Things (IoT) principles. The study 

develops a novel, cost-effective, open-source, web-based, data collection solution and 

communication system that enables real-time monitoring, visualization and control of oil 

production processes. 

d. Design, Dynamic Modelling, Simulation, and Control of a Solar-Powered Sucker Rod 

Oil Pump: This study models the entire artificial lift system, simulating, and controlling the 

100% solar-powered sucker rod pump and optimizing its performance at the component, 

load and system level. The study is novel in performing integrated load modelling, 

comparing the winter and summer performance of the microgrid, and demonstrating the 

sustainable operation of the system under varying environmental and operational conditions, 

using historical site-specific solar irradiance and temperature data. 

 

1.5 Thesis Organization 

As part of the preparation of this thesis, a manuscript format consisting of 3 published, peer 

reviewed, academic  journal articles, and 1 published, peer previewed journal conference paper 

are adopted in the main body of this thesis. Chapters 3, 4 and 6 is wholly based on peer reviewed 

journal articles, while chapter 5 is based on the conference paper. The remainder of the thesis 

is arranged as follows: 

Chapter 1 introduces the theme of this research, and presents the research problem, research 

objectives, research contributions and thesis organization. A comprehensive review of relevant 

literature is presented in chapter 2, laying a foundation for the available knowledge and 
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identifying gaps in the available research, in chapter 3, this study presents an integrated 

simulation approach utilizing QRod™ and PROSPER™ platforms to optimize sucker rod 

pump artificial lift systems, focusing on energy efficiency and production maximization. 

Through a comprehensive parametric analysis of key design variables such as pump geometry, 

API rod number, pump diameter, and rod material, the research establishes optimal 

configurations for deep well applications exceeding 3500 feet. The study quantitatively 

assesses various rod string designs using performance indicators like damped horsepower, 

cyclic load factor, and prime mover rating to ensure reliable long-term operation. Additionally, 

it develops and validates an optimized sizing methodology that streamlines the design process, 

resulting in significant reductions in damped horsepower, polished rod horsepower, and 

minimum NEMA D motor size requirements. 

In chapter 4, this study presents a comprehensive framework for developing renewable, off-

grid solar PV and/or wind and battery storage systems to sustain oil production in remote wells. 

The chapter evaluates the technical and economic implications of adopting onsite renewable 

energy-based approaches, assessing their feasibility under varying technical and environmental 

conditions. It analyzes different renewable energy scenarios for both continuous and 

intermittent production in sucker rod pump artificially lifted wells, specifying criteria for 

selecting the optimal combination of energy source and pumping schedule. The research 

culminates in two recommendations for oil well operators, based strictly on either continuous 

or intermittent production, using key performance indicators such as Unmet Load, Capacity 

Storage, Net Present Cost, Levelized Cost of Energy, and Operating Cost.  

In chapter 5, this study designs and implements a cost-effective, open-source IoT-based 

SCADA system for remote monitoring and control of oil facilities using Node-RED and 

Arduino microcontrollers. The study focuses on developing a web-based graphical user 

interface for real-time visualization, data logging, and remote access to sensor data and control 
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functions. It integrates multiple sensors and actuators for comprehensive monitoring and 

control of oil production processes. The project implements a secure remote access solution 

using port forwarding, network address translation, and HTTP basic access authentication with 

Nginx. Finally, the research evaluates the performance and reliability of the proposed IoT-based 

SCADA system in monitoring critical operational parameters and enabling remote control of 

oil production equipment, providing a comprehensive solution for efficient and secure remote 

management of oil  wells. 

In chapter 6, this research presents a comprehensive model-based simulation of a solar-

powered sucker rod pump system, optimizing the efficiency across all subsystems. The study 

decouples the microgrid into individual components, enabling targeted improvements from the 

solar PV source to the electric motor load. By incorporating load modelling from SolidWorks 

and Simscape into Simulink, the research provides a realistic representation of the system's 

behavior under various environmental and operating conditions. The approach combines 

mechanical and electrical models to design effective controls for the sucker rod pump. The 

study encompasses load modelling of the pump system, solar PV array design, energy storage 

system modelling, and control system implementation. Through extensive simulations and 

iterative design improvements, the research evaluates system behavior, stability, and overall 

performance, allowing for potential issues to be identified and addressed before real-world 

implementation. This robust methodology supports the development of an efficient and reliable 

solar-powered sucker rod pump system adaptable to diverse operating environments. 

This thesis concludes in Chapter 7 with a discussion of its key conclusions from various aspects 

of the research and makes recommendations for future work that addresses the issues raised 

during the research.  
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Chapter 2 

LITERATURE REVIEW 

2.1 Literature Review 

The oil and gas industry faces increasing pressure to improve efficiency, reduce costs, and 

minimize environmental impact. This is becoming increasingly important with the growing 

demand for the oil industry to reduce or completely eliminate the direct emissions associated 

with oil and gas production. This inevitably results in massive electrification of the upstream 

oil and gas industry and increased integration of large scale renewable energy, internet of things 

sensors and other intelligent well technologies. This literature review examines recent research 

on optimizing sucker-rod pump systems, integrating renewable energy sources, implementing 

low-cost SCADA systems, and dynamically modelling renewable-powered pumps.  

The potential profitability of marginal wells in mature oil fields, particularly in Latin America, 

is presented in [1].  The study challenges the conventional wisdom that low-producing wells 

are not economically viable, arguing that with proper management and cost-effective 

technologies, these wells can become profitable assets. The authors analyze data from the 

United States, Mexico, and Argentina to demonstrate the significant presence of marginal wells 

in these markets. They emphasize the importance of efficient production management, rational 

cost control, and the application of suitable artificial lift systems to maximize returns from 

these wells. The study introduces several innovative technologies designed specifically for low-

production wells. These technologies aim to reduce operational costs and extend well life 

without requiring extensive surface equipment or workover operations. The authors conclude 

by stressing the need for a specialized approach to managing marginal wells, including 

continuous cost analysis, enhanced production surveillance, and effective data management to 

ensure profitability in this niche sector of the oil industry. 
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2.2 Background of The Study 

The background of this research is presented under four key aspects in the following sections: 

energy requirement estimation for oil well systems, renewable energy integration in oil well 

production, SCADA systems for oil and gas well operations, dynamic modelling of energy 

systems for oil well production. 

 

2.3 Energy Requirement for Oil Well Production 

Optimal production of oil from the sub-surface requires careful estimation of the amount of 

energy that the installed artificial lift system would require. The sucker rod pump artificial lift 

is the focus of this research with this section considering the attempt to optimally size and 

deploy it in oil production operations. 

2.3.1 Sucker-Rod Pump Optimization 

Sucker-rod pumps remain a common artificial lift method in the oil industry due to their 

reliability and effectiveness in various well conditions. Recent studies have focused on 

optimizing these systems to improve energy efficiency and performance. A comprehensive 

overview of sucker-rod pumping systems is presented in [2], emphasizing the importance of 

proper design and operation for maximizing efficiency. 

The design and optimization of sucker rod pumping systems for oil production is presented in 

[3]. The authors present a comprehensive overview of the process, detailing the steps involved 

in designing an effective pumping installation. They discuss key factors such as fluid 

production rate, pump depth, and equipment selection, emphasizing the importance of 

considering various components like plunger size, rod string configuration, and surface unit 

specifications. The paper introduces PROSPER, a well performance software tool, and 

demonstrates its application in modelling sucker rod pumping systems. The authors provide a 
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detailed case study, including fluid data, equipment specifications, and inflow performance 

relations. They analyze design results, examining parameters such as power requirements, rod 

loading, and production rates. The study also includes sensitivity analyses for different rod 

types and pumping speeds, highlighting the software's capability to optimize system 

performance. Overall, this research offers valuable insights into the complexities of sucker rod 

pump design and the use of modern computational tools to enhance oil production efficiency. 

A comprehensive methodology for optimizing the design of sucker-rod pumping systems 

specifically tailored for coalbed methane (CBM) wells is presented in [4]. It emphasizes the 

importance of various design parameters, including pump setting depth, rod string taper, 

plunger size, stroke length, and pumping speed, which collectively influence the system's 

performance and efficiency. The authors introduce an iterative algorithm to determine these 

parameters based on desired production rates while addressing the complexities associated with 

traditional trial-and-error methods. Key findings indicate that both water production rates and 

pump setting depths are critical for optimization, with the production rate showing a consistent 

increase relative to adjustments in design variables. Furthermore, the study highlights the 

dynamic interplay between stroke length and load capacity, revealing that shorter strokes may 

lead to reduced load capacities and plunger diameters under specific conditions. Overall, this 

work aims to enhance the operational efficiency of sucker-rod pumps in CBM extraction 

through a systematic approach to design optimization. 

An algorithm for the automated selection of the operating point of VLP and IPR curves 

intersection using the Petroleum Experts Prosper software is developed and presented in [5]. 

The automated selection process is implemented using the VBA script in MS Excel. This 

research highlights the potential for simulator integration with scripts in optimizing sucker rod 

performance and energy efficiency. 
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Innovative approaches to enhance the management and monitoring of sucker rod pumping units 

(SRPUs) in oil production are presented in [6]. The authors propose a novel technique utilizing 

robust normalized correlation functions derived from force sensor signals on the rod string 

hanger. By analyzing these functions, they identify a set of informative attributes that 

correspond to various SRPU technical conditions. The research demonstrates how these 

attributes can be effectively used for real-time identification and management of SRPUs using 

affordable controllers. The study outlines the mathematical foundations of their approach, 

addressing challenges such as noise reduction and signal normalization. The authors describe 

a practical implementation of their system, including a three-level management structure and 

real-time data processing methods. They present experimental results from field applications, 

showcasing the system's ability to accurately identify SRPU conditions without relying on 

traditional dynamometer card visual interpretation. The study concludes by highlighting the 

economic benefits of this approach, including significant energy savings and extended 

equipment lifespan, as observed in real-world deployments across multiple oil fields. 

The challenges and potential improvements in electric drive systems for sucker rod pumps 

(SRPs) used in oil production are presented in [7]. The authors highlight the energy-intensive 

nature of downhole oil extraction and the inefficiencies often present in SRP operations. They 

analyze the cyclic load patterns of SRP electric motors, which lead to variations in efficiency 

and power factor throughout each oscillation cycle. The study reveals that many SRP units are 

underloaded and poorly balanced, resulting in suboptimal performance. To address these issues, 

the researchers propose several technical solutions, including proper counterweight balancing, 

installing lower-powered motors, utilizing permanent magnet motors, replacing balancer drives 

with chain drives, and implementing variable frequency drives. These modifications aim to 

enhance the energy efficiency, stability, and overall performance of SRP systems in oil 

production operations. 
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The optimization of energy consumption in oil fields through data analysis is presented in [8]. 

The study examines nearly 45,000 wells across six major Chinese oil fields, introducing a 

normalized consumption factor to evaluate energy efficiency. The authors investigate the 

impact of various factors on energy consumption, including lifting methods, daily production 

rates, pump depths, gas-oil ratios, and well angles. The analysis reveals that higher production 

rates generally lead to lower normalized consumption factors for beam pumps, progressive 

cavity pumps, and electric submersible pump systems. Additionally, the study finds that 

increased gas-oil ratios may result in lower normalized consumption for beam pump systems, 

while well angles have minimal impact. To optimize energy consumption in beam-pumped 

wells, several key recommendations are proposed. Firstly, selecting high-efficiency motors 

equipped with transducers is crucial for controlling power consumption as the load varies. 

Additionally, reducing the balance material and switching to lighter rods can significantly 

decrease energy usage. In some cases, replacing traditional beam pump systems with more 

energy-efficient alternatives like bending beam and digital pump units may be beneficial, as 

demonstrated in China's Changqing oil field. Furthermore, proper sizing and operation of the 

equipment are essential, including choosing appropriate pump diameters, lengths, and stroke 

frequencies to match production rates. Regular maintenance and prompt adjustment of 

operating parameters can also contribute to improved efficiency. Lastly, implementing data 

analysis and monitoring systems can help identify areas for optimization and guide decision-

making in energy management for beam-pumped wells. 

The methods to enhance the energy efficiency of electric drives in sucker rod pumps (SRPs) 

used for oil production are presented in [9]. The authors discuss the challenges associated with 

SRP operations, including cyclic loading, power reserve requirements, and efficiency losses 

due to multiple intermediary components. They propose analytical approaches to determine 

power characteristics, efficiency, and power factor under cyclic loading conditions. The study 
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examines the impact of counterbalancing on power consumption and introduces a method to 

assess additional losses from imbalance. The researchers present a case study demonstrating 

potential energy savings through optimization measures such as motor replacement, improved 

counterweight balancing, and adjustments to well operating parameters. 

The innovative approach to enhance the energy efficiency of sucker-rod pumps (SRPs) through 

optimal counterbalancing is presented in [10]. The authors propose a sensorless method that 

utilizes torque and speed calculations from the induction motor to determine the ideal 

counterweight settings. By employing adaptive observers and a Kalman filter-based speed 

estimation technique, the system can accurately assess the motor's electromagnetic torque and 

rotor speed without additional sensors. The research introduces a novel algorithm for 

computing the extra torque required to minimize active power consumption. Simulation results 

demonstrate the effectiveness of this method, showing a significant reduction in energy usage 

compared to conventional balancing practices. The proposed system's ability to optimize SRP 

performance using only motor variables makes it a promising solution for improving the 

efficiency of oil extraction operations. 

The innovative approaches to enhance the energy efficiency of Sucker-Rod Pump (SRP) 

systems by reducing the electric motor ratings in the oil industry are presented in [11]. The 

authors propose two control schemes to optimize the performance of these widely used 

artificial lift mechanisms. The first is an open-loop frequency optimization scheme (OLFOS) 

that employs a genetic algorithm to minimize fluctuations in motor output power. While 

effective, this method is computationally intensive and lacks robustness to parameter 

variations. Building on these findings, the researchers developed a closed-loop frequency 

control scheme (CLFCS) that offers superior performance and adaptability. This novel 

approach utilizes the mean value of motor output power as a reference and the instantaneous 

power as feedback to generate the control signal. Simulation results demonstrate that the 
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CLFCS significantly reduces peak power requirements and power fluctuations, enabling the 

use of lower-rated motors and improving overall system efficiency. The proposed method 

shows resilience to changes in liquid levels and strokes per minute, making it a promising 

solution for real-world applications. The authors conclude that implementing this control 

strategy could lead to substantial energy savings and economic benefits for the oil industry. 

Various energy-saving technologies for oil field pumping units, a critical component in 

petroleum extraction are presented in [12].  The authors discuss several approaches to improve 

efficiency, including structural modifications to conventional beam pumping units, the 

development of non-beam pumping units, and the use of energy-efficient motors. They also 

examine advanced control technologies, such as artificial intelligence and expert systems, to 

optimize pumping unit operations. The study highlights the potential of renewable energy 

sources, particularly wind and solar power, in reducing energy consumption in oil fields. The 

authors propose an innovative direct-drive wind turbine system for pumping units, utilizing 

hydraulic transmission technology to increase wind energy utilization without electric energy 

conversion. The study concludes by suggesting future research directions, including enhanced 

utilization of renewable energy, implementation of intelligent control systems, and the adoption 

of digital oil production technologies to further improve energy efficiency. 

Innovative approaches to analyze and optimize sucker rod pumping systems in oil production 

is discussed in [13]. The author combines electrical and petroleum engineering concepts to 

develop new methods for rod pump analysis and supervision. The research focuses on 

modelling induction motors used in sucker rod pumping, with particular attention to high-slip 

motors. The author introduces novel techniques for estimating motor parameters and efficiency, 

including an empirical correlation for high-slip motor efficiency and a parameter estimation 

method using a modified Particle Swarm Optimization algorithm. The thesis also presents a 

new approach to infer dynamometer diagrams based solely on electrical measurements, 
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potentially offering a cost-effective alternative to traditional dynamometry. Throughout the 

work, the author emphasizes the importance of accurate motor modelling and efficiency 

calculations in improving the overall performance and energy efficiency of sucker rod pumping 

systems, particularly in mature oil fields. 

The design and simulation of a novel hydraulic pump jack system aimed at improving the 

efficiency of sucker rod pumping, which is a widely used artificial lift method in oil and gas 

extraction is presented in [14]. Traditional beam pumping units face challenges such as high 

energy consumption, large physical footprint, limited stroke length, and inefficiencies in speed 

control. The study introduces hydraulic pumping units as a viable alternative, offering 

advantages like precise control of motion, reduced energy requirements, and adaptability to 

various operational conditions. Using Simulink/MATLAB software, the research compares the 

performance of hydraulic units with conventional systems under identical wellbore conditions. 

The proposed hydraulic unit demonstrates superior energy efficiency, enhanced productivity, 

and better control over stroke length and speed. Additionally, it supports both conventional 

sucker rod strings and continuous wire rope systems, showing improved operational flexibility 

and reduced mechanical failures compared to traditional setups. This innovative system 

addresses key limitations of conventional beam pumps, making it a promising solution for 

modern oilfield applications. 

An innovative approach to enhance the efficiency and longevity of sucker rod pumping systems 

in oil production is presented in [15]. The authors introduce a frequency elastic drive system 

that dynamically adjusts the motor frequency during the pumping cycle to optimize 

performance. By modulating the rotational speed of the electrical engine, this method aims to 

reduce peak loads, minimize mechanical stress, and improve energy efficiency. The researchers 

conducted field tests to validate their concept, comparing standard operations with two 

variations of the new frequency-adjusted approach. Results showed significant reductions in 
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peak torque and energy consumption, with one variation achieving a 15% decrease in energy 

usage. The study also delves into the advantages of using different types of induction machines, 

comparing the high starting torque of NEMA D with the higher efficiency of IEFF2 and 

explores additional benefits of variable speed drives, such as soft start capabilities and power-

balanced operation for multiple pumps.  

The innovative approach to optimizing sucker-rod oil pumping units (SRPU) for marginal wells 

is presented in [16]. The authors propose an electromechanical control system that utilizes a 

Hamming neural network to analyze load curves and determine pump filling factors. This 

adaptive system adjusts the motor speed based on real-time data, ensuring optimal operation 

and energy efficiency. The research includes a comprehensive mathematical model of the 

SRPU, incorporating elements such as the jack pump, induction motor, and frequency 

converter. The authors developed a computer simulation in MATLAB to validate their 

approach, demonstrating the system's ability to respond quickly to changes in well conditions 

and detect emergency situations. 

The dynamic analysis of beam pumping units, which are crucial components in sucker rod 

pumping systems for oil production is presented in [17]. The authors present a comprehensive 

examination of the unit's kinematics and dynamics, focusing on the four-bar linkage 

mechanism. They derive equations for the polished rod's motion, including displacement, 

velocity, and acceleration, based on geometric relationships. The study then delves into the 

dynamic aspects, analyzing various loads acting on the polished rod and establishing equations 

for stress analysis of the beam, linkage, and crank. By combining these equations, the 

researchers develop a method to calculate the output torque of the crankshaft, which is essential 

for system balance and condition monitoring. The study's innovative approach to stress analysis 

and dynamic modelling provides a foundation for further research into sucker rod string 
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vibration characteristics, potentially improving the efficiency and reliability of oil extraction 

processes. 

The energy consumption optimization in sucker rod pump (SRP) units for oil production is 

presented in [18]. The authors present a novel methodology and mathematical model to 

calculate and analyze the electric energy consumption of SRP units. Their research investigates 

the impact of various factors on energy efficiency, including oil properties, well operation 

modes, and SRP balancing. The study reveals that maximum energy efficiency is achieved with 

longer stroke lengths and lower oscillation frequencies of the walking beam. The authors 

emphasize the importance of optimizing motor and pump efficiency, maintaining high 

depression, and ensuring complete fluid extraction. Their model allows for finding optimal 

operation modes for individual wells, potentially enabling adaptive strategies based on 

electricity tariffs. 

The integration of Process and Asset Performance/Maintenance digital twins to create 

autonomous production platforms in the offshore oil and gas industry is presented in [19]. The 

author presents a vision for normally unmanned platforms with minimal maintenance 

interventions, achievable through advanced digital technologies. The Process Twin, which has 

been successfully deployed in real-world applications, enables closed-loop production 

optimization by considering multiple constraints and key performance indicators. 

Complementing this, the Asset Performance Twin continuously monitors equipment health, 

predicting remaining useful life and suggesting operational adjustments to extend equipment 

longevity. The study highlights the benefits of combining these twins, allowing for real-time 

optimization that balances production goals with equipment maintenance needs. Various 

optimization scenarios are explored, demonstrating the flexibility and power of this integrated 

approach. The author argues that this holistic strategy, leveraging synchronous equation-based 

modelling and virtual flowmeters, represents a significant step towards autonomous offshore 
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operations, addressing challenges such as limited real-time data and complex multi-variant 

optimization problems. 

An innovative approach to enhance the energy efficiency of sucker-rod pump electric drives in 

oil production is presented in [20]. The authors propose a method that utilizes the kinetic energy 

of the pump's unbalanced mechanical parts to reduce electrical energy consumption. By 

implementing a variable speed control system, the drive's motor speed is adjusted cyclically, 

decreasing during the upward stroke and increasing during the downward stroke. This 

technique aims to balance the load torque on the motor shaft, potentially lowering peak power 

demands and overall energy usage. The proposed system incorporates a programmable logic 

controller (PLC) and a position sensor on the pump's crankshaft to regulate the motor's speed 

reference signal. The authors suggest that this method could lead to a reduction in the required 

rated capacity of the electric drive components and improved overall system efficiency. While 

developed for sucker-rod pumps, the authors note that this approach could be adapted for other 

reciprocating machinery with similar motion characteristics. 

An innovative approach to measuring oil production in sucker rod pump (SRP) wells using 

electrical parameters and big data analytics is presented in [21]. The authors propose a method 

that utilizes easily obtainable continuous electrical data, such as power, current, and voltage, 

along with real-time well production information as training parameters for a deep learning 

model. By converting the electric power curve into a dynamometer card and calculating pump 

efficiency, the model can estimate well production based on stroke, frequency, and pump 

diameter. The study involved over 300 SRP wells in an experimental area, employing 

techniques like Fast Fourier Transform (FFT) for data processing and Long Short-Term 

Memory (LSTM) networks for production forecasting. The results demonstrate the model's 

ability to accurately predict production across various well types, including stable, intermittent, 

and erratic producers. This method offers potential benefits in terms of cost reduction, 
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improved efficiency, and real-time production monitoring, particularly valuable in low oil price 

environments. 

2.4 Renewable Energy Integration in Oil and Gas Industry 

There has been a growing adoption and deployment of various types of renewable energy 

systems in the upstream, mid-stream, and downstream oil and gas sectors, and with deployment 

cutting across different stages in the oil production lifecycle. While onsite renewable energy is 

sometimes deployed in small-scale, low power applications in mobile and DC-powered use 

cases, there is a growing push for its adoption in high voltage, high power, and large scale 

microgrid applications in oil wells .  We will be reviewing various levels, stages, and kinds of 

renewable energy adoption in upstream oil production. 

2.4.1 Renewable Energy Integration in Oil Well Production 

The integration of renewable energy technologies in upstream oil and gas production, 

examining several promising opportunities, is presented in [22]. As conventional reserves 

deplete and production shifts to more energy-intensive sources, renewable solutions offer 

pathways to reduce costs and emissions. Key areas for integration include electrification of 

drilling operations and primary recovery, where solar and wind power can supplement or 

replace diesel generators. In secondary recovery, offshore wind shows potential for powering 

water injection pumps. Tertiary recovery, or enhanced oil recovery (EOR), offers significant 

opportunities for renewable integration, particularly through concentrated solar power for 

steam generation. Geothermal cogeneration from produced water also shows promise in some 

fields. These technologies can help address the industry's growing energy needs while 

mitigating environmental impacts. However, challenges such as variability of renewable 

generation and the need for high reliability must be overcome. As renewable costs continue to 
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decline and environmental concerns grow, the economic and operational benefits of integrating 

these technologies in upstream operations are likely to increase significantly [22]. 

The potential for solar energy utilization in the global petroleum sector, encompassing both 

upstream (extraction and transport) and downstream (refining) operations is presented in [23]. 

The study employs open-source models to analyze 83 representative oil fields and 75 refinery 

crude streams, representing approximately 25% of global production. By estimating energy 

intensities and applying various solar resource quality criteria, the researchers assess the 

feasibility of solar deployment in different regions. The findings suggest significant potential 

for both solar thermal and photovoltaic (PV) applications in the oil and gas industry. Upstream 

operations could potentially accommodate 19-44 GW of solar thermal capacity and 6-11 GW 

of PV capacity, while downstream operations show potential for 21-95 GW of solar thermal 

and 17-91 GW of PV capacity. However, the study acknowledges limitations due to factors 

such as offshore production, geographical constraints, and varying energy intensities across 

different crude types. The authors conclude that the oil and gas sector could become a 

substantial consumer of solar energy, although further research incorporating detailed 

economic analysis and location-specific data would be beneficial for more precise estimates. 

The application of renewable energy sources to power artificial lift systems represents a 

promising avenue for improving sustainability in oil and gas operations. The feasibility of using 

a floating photovoltaic power (FSPV) system and offshore wind for artificial lifts to meet the 

demand for 10 pumps in remote oil fields is explored in [24]. The study examines the potential 

of integrating hybrid energy systems, specifically floating solar photovoltaic (FSPV) 

technology, to power artificial lift pumps on offshore oil platforms in the Brazilian equatorial 

margin. The study conducts a comprehensive technical evaluation, focusing on a 10 MW FSPV 

system designed to meet the energy demands of 10 pumps. Through detailed simulations using 

the System Advisor Model (SAM), the researchers assess the viability and performance of the 
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FSPV system in the region's unique environmental conditions. The analysis reveals that the 

proposed FSPV system can generate approximately 17 GWh of electricity annually, exceeding 

the energy requirements of the artificial lift pumps. The study finds that it could be both 

technically viable and economically attractive in certain scenarios. The research also examines 

the environmental impacts and compares FSPV with offshore wind energy, ultimately 

concluding that FSPV presents a more suitable and promising solution for powering offshore 

platforms in the Brazilian equatorial region due to its abundant solar resources, modularity, and 

minimal visual interference. This research contributes valuable insights to the ongoing efforts 

in transitioning towards cleaner energy sources in offshore oil and gas operations. 

The feasibility of implementing solar-powered artificial lift systems in remote oil wells in 

Sudan's Heglig oil field is presented in [25]. The study examines three wells currently using 

diesel generators for power, analyzing the technical, economic, and environmental aspects of 

transitioning to photovoltaic (PV) systems. The authors utilize PVsyst software to design and 

simulate standalone PV setups for each well, comparing their performance and costs to the 

existing diesel generators and a potential hybrid system. The research highlights the challenges 

of powering remote oil sites, including high operational costs, greenhouse gas emissions, and 

maintenance issues associated with diesel generators. By proposing solar energy as an 

alternative, the study aims to reduce production costs, minimize environmental impact, and 

improve overall operational efficiency. The study provides a comprehensive analysis of the 

solar potential in the region, system design considerations, and economic feasibility, offering 

valuable insights for the oil industry's transition towards more sustainable energy solutions in 

remote locations. 

The implementation of renewable energy sources in the oil and gas industry, focusing on a case 

study in Egypt, is presented in [26]. The researchers conducted a techno-economic analysis 

comparing four different power supply configurations for an oil production well in a remote 
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area. These configurations included a standalone diesel generator system and three hybrid 

systems incorporating photovoltaic panels, wind turbines, and battery storage. Using HOMER 

software for optimization, the study evaluated the economic and environmental impacts of each 

configuration. The results demonstrated significant benefits in adopting renewable energy 

systems, including substantial reductions in fuel consumption, carbon emissions, and levelized 

cost of energy (LCOE). The study also examined the effects of carbon pricing policies, such as 

emissions trading systems and carbon taxes, on the economic viability of renewable energy 

integration. Overall, the study highlights the potential for renewable energy to enhance 

sustainability and cost-effectiveness in the oil and gas sector, particularly in remote locations. 

The energy efficiency potential of the Solar Jack Energy Management System, an innovative 

technology designed for rod beam pumps in oil production is evaluated in [27]. The assessment, 

conducted by Lincus Inc. for Pacific Gas and Electric Company's Emerging Technologies 

Program, examined the system's performance at two test sites. Solar Jack combines three 

components: a variable frequency drive (VFD), a regenerative capacitor bank, and a solar 

photovoltaic system. The study found that energy savings ranged from 16.7% to 51.7% of 

baseline consumption, with varying contributions from each component. However, the wide 

variation in results highlights the impact of site-specific factors such as well characteristics and 

operational parameters. While the technology shows promise, the report recommends further 

evaluation across a larger sample of wells before considering it for deemed energy efficiency 

offerings. The study also identified challenges in data monitoring and suggested areas for future 

research, including comparisons with other control technologies and financial analysis. 

The potential applications of solar energy in the oil and gas industry are examined in [28]. It 

explores how solar technologies can meet energy demands across the upstream and 

downstream sectors, potentially reducing fossil fuel consumption and environmental impacts. 

The study discusses various solar applications, including photovoltaic systems for powering 
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remote operations, solar thermal technologies for enhanced oil recovery and process heat, and 

solar desalination for treating produced water. It also highlights emerging research in solar-

powered high-temperature processes relevant to refining, such as steam reforming and 

hydrogen production. While solar adoption faces some challenges in the industry, the authors 

argue it presents significant opportunities to improve energy efficiency, reduce costs, and lower 

carbon footprints. The review concludes that integrating solar energy into oil and gas operations 

could benefit both the petroleum and renewable energy sectors as the global energy landscape 

evolves. 

An innovative approach to oil production that combines intelligent intermittent pumping with 

a photovoltaic-storage microgrid system is presented in [29]. The authors propose a novel 

technology that integrates solar power, energy storage, and DC motor-driven pumping units to 

optimize energy efficiency and reduce carbon emissions in oil fields. The research outlines the 

development of a specialized microgrid controller and software platform to manage this hybrid 

system effectively. By utilizing machine learning algorithms and real-time data analysis, the 

technology adapts to changing conditions and optimizes production parameters. Field 

experiments demonstrated significant improvements in system efficiency, electricity savings, 

and oil production increases. The integration of renewable energy sources not only enhances 

the sustainability of oil extraction operations but also reshapes the work environment for oil 

field personnel. This cutting-edge solution addresses the challenges of low-producing wells 

while promoting “greener” and low-carbon development strategies in the petroleum industry. 

The RenuWell project in Alberta, Canada, which demonstrates an innovative approach to 

repurposing inactive oil and gas well sites for small-scale solar energy generation is presented 

in [30]. The RenuWell initiative has established a pair of demonstration locations featuring 

small-scale photovoltaic installations. These pilot projects collectively generate 1.5 megawatts 

of electricity, showcasing the potential for community-oriented solar energy development in 
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the region. This initiative addresses multiple challenges simultaneously: the environmental 

liabilities of abandoned fossil fuel infrastructure, the need for renewable energy development, 

and the economic struggles of rural communities affected by the decline of the oil and gas 

industry. RenuWell's approach is characterized by its emphasis on community engagement, 

partnerships with diverse stakeholders, and a focus on distributed energy generation. The 

project not only transforms degraded land into productive solar sites but also provides 

economic benefits to local communities through job creation, training programs, and 

cooperative ownership models.  

The implementation of a pioneering solar-fossil hybrid power plant in Egypt's Western Desert, 

designed to enhance oil production efficiency is presented in [31]. The project carried out 

between 2012 and 2013, integrated a 110 kWp photovoltaic system with a 200 kW diesel 

generator to power sucker rod pumps in a remote location. A key innovation was the 

development of a patented Power Management System (PMS) that optimized energy flow 

between solar panels, diesel generators, and electric engines. The hybrid system operated 

successfully for over 8,000 hours in harsh environmental conditions, demonstrating reliability 

and achieving up to 12% reduction in diesel fuel consumption and CO2 emissions. This pilot 

project not only validated the feasibility of hybridization in oil and gas operations but also 

paved the way for future optimizations, including the potential integration of energy storage 

solutions like supercapacitors for improved peak shaving and system stability. 

The integration of a hybrid photovoltaic (PV) and diesel generator (DG) system for powering 

sucker rod pumps in an oil field located in Egypt's Western Desert is presented in [32]. The 

study aims to optimize energy production and reduce costs in remote areas where grid access 

is limited. The authors propose a novel approach that combines a metaheuristic optimizer with 

PV sizing models for sucker rod pumping systems. They compare distributed and centralized 

generation topologies, evaluating their technical and economic feasibility. The research utilizes 
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real-world data from ten wells to calculate power requirements and system configurations. 

Through their analysis, the authors determine that a hybrid system with 54% PV contribution 

offers the best performance. They conclude that a hybrid centralized generation system (HCGS) 

can potentially reduce the levelized cost of energy (LCOE) by 62.8% compared to the existing 

diesel-only setup, making it the recommended configuration for implementation in similar oil 

field environments. 

A pilot project implementing a photovoltaic (PV) and diesel generator hybrid system in the 

Aghar oil field, located in Egypt's Western Desert is presented in [33]. The project aimed to 

reduce fossil fuel consumption and CO2 emissions by incorporating solar energy into the power 

supply for sucker rod pumps. The system faced several challenges, including load stability 

issues with the variable load of the sucker rod pumps and problems with load sharing between 

the PV system and diesel generator. The researchers conducted various trials to optimize the 

system, including replacing the variable load with a constant load, upgrading the generator 

capacity, and addressing harmonics issues. They found that the generator's power capacity 

should be at least 1.6 times that of the PV system for stable operation. The study also 

highlighted the importance of considering factors such as power factor correction and harmonic 

distortion when designing hybrid systems for variable loads in oil fields. Despite initial 

setbacks, the system ultimately achieved stable operation, demonstrating the potential for solar 

energy integration in remote oil field operations. 

A case study of solar energy utilization in oil extraction by PetroFarah, an Egyptian petroleum 

company, is presented in [34]. The study focuses on a pilot project at the Farah-8 well, where 

a 72.9 kW photovoltaic solar unit was installed to power a sucker rod pump, replacing a diesel 

generator. The initiative aimed to reduce greenhouse gas emissions and align with global 

climate change mitigation efforts. The results were impressive, showing a 44% reduction in 

diesel consumption and corresponding GHG emissions. The project demonstrated a net 
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reduction of 0.5 kg CO2 equivalent per barrel of oil produced, with an estimated CO2 

avoidance cost of $0.05 per kg. Beyond environmental benefits, the project proved 

economically viable with a payback period of less than two years. This innovative approach 

not only supports Egypt's Vision 2030 and international climate agreements, but also sets a 

precedent for sustainable practices in the oil and gas industry, potentially paving the way for 

wider adoption of renewable energy solutions in fossil fuel extraction. 

An innovative approach to powering sucker rod pump units in oil production using renewable 

energy sources is presented in [35]. The authors propose integrating wind turbines and solar 

panels to supplement the traditional electrical grid supply for these pumps. This hybrid system 

aims to reduce electricity consumption from the grid, lower production costs, and enhance 

power supply reliability. The study discusses the cyclical nature of sucker rod pump power 

consumption and how renewable sources can help smooth out these fluctuations. It presents 

technical calculations for sizing wind turbines and solar panels to meet the pumps' power 

requirements. The authors also suggest a novel configuration where renewable energy sources 

connect directly to the DC link of a variable frequency drive, potentially improving system 

efficiency. Overall, this research highlights the potential for renewable energy integration in oil 

production to address both economic and environmental concerns in the industry. 

The potential integration of solar energy into hydrocarbon extraction and enhanced oil recovery 

(EOR) operations, particularly in high-latitude regions, is presented in [36]. The authors argue 

that despite challenges such as reduced sunlight intensity and shorter daylight hours, recent 

technological advancements make solar power viable in these areas. They discuss various 

applications, including powering drilling rigs, artificial lift pumps, and microbial EOR 

processes. The study highlights the environmental benefits of reducing greenhouse gas 

emissions and the potential economic advantages of replacing costly fuel sources with solar 

energy. The authors present data on global horizontal irradiance (GHI) for different regions and 
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propose innovative solutions like using solar thermal energy to maintain optimal conditions for 

microbial cultures in EOR projects. While acknowledging the need for further feasibility 

studies, the article suggests that implementing solar technologies in high-latitude oil fields 

could improve the industry's public perception and contribute to sustainable energy practices 

in petroleum. 

An innovative method for extracting bitumen from oil sands using solar energy instead of 

natural gas is proposed in [37]. The concept involves utilizing concentrated solar radiation to 

generate mid-temperature steam, which is then injected into oil sand formations to stimulate 

bitumen recovery. The thermal mass of the formation allows for continuous extraction despite 

intermittent solar availability. The study examines the thermodynamic and economic feasibility 

of this approach in Alberta, Canada. By eliminating natural gas consumption, the method could 

significantly reduce greenhouse gas emissions and operating costs. The authors present 

calculations for energy requirements, solar collector area, and potential savings. While the 

initial capital investment is substantial, the projected return on investment is promising, 

especially considering potential carbon taxation and depreciation benefits. This solar-assisted 

bitumen recovery technique offers a more sustainable and environmentally friendly alternative 

to conventional extraction methods, addressing challenges related to natural gas supply and 

environmental regulations in the oil sands industry. 

The potential for reducing greenhouse gas (GHG) emissions in Canada’s oil sands industry by 

integrating renewable and low-carbon energy technologies is evaluated in [38]. It develops a 

novel framework combining market penetration modelling and bottom-up energy accounting 

using the LEAP system to assess 27 scenarios across extraction, upgrading, and electricity 

generation. Key findings reveal that nuclear energy offers the highest GHG mitigation potential 

at the lowest cost, while geothermal, bioenergy, and hydropower show cost-effectiveness in 

specific cases but limited emission reductions. Wind and solar technologies demonstrate 
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minimal feasibility due to high costs and technical constraints. Carbon pricing significantly 

enhances technology adoption, with higher incentives (e.g., $50/t CO₂e) leading to greater 

emission reductions and cost savings. The study concludes that while renewable technologies 

alone cannot meet emissions caps, nuclear options could contribute substantially to long-term 

GHG reduction goals in the oil sands sector. 

The integration of renewable energy, particularly solar power, into the upstream oil supply 

chain (USOSC) to mitigate environmental impacts such as greenhouse gas (GHG) emissions 

is evaluated in [39]. It highlights the energy-intensive nature of oil production and its reliance 

on fossil fuels, which contribute significantly to CO2 emissions and hazardous waste. The 

study evaluates solar energy as a viable alternative to partially replace conventional energy 

sources in non-critical operations and enhance oil recovery processes. It examines various solar 

technologies, their economic feasibility, and their compatibility with oil industry requirements 

while considering challenges like irradiation levels, weather conditions, and regulatory 

policies. Through case studies and scenario analyses, the research identifies optimal solar 

energy applications and strategies for reducing GHG emissions while maintaining production 

targets. This work underscores the potential of renewable energy to make oil operations more 

sustainable and environmentally friendly. 

The potential for decarbonizing remote microgrids in Canada, addressing a significant gap in 

the country's renewable energy landscape, is presented in [40]. While most of Canada's 

electricity is produced using renewables, many remote communities still rely on fossil fuels for 

power generation. The study employs a cost-based binary integer optimization model to 

determine the most economical renewable energy solutions for 148 off-grid settlements across 

Canada. By analyzing factors such as wind speed, solar irradiance, and projected technology 

costs, the research identifies whether solar or wind power is more suitable for each location 

and when implementation would be most cost-effective. The findings suggest that transitioning 
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to renewable microgrids is financially feasible, with total costs aligning with previous 

decarbonization estimates. The study reveals that communities currently using diesel or heavy 

fuel oil should prioritize immediate decarbonization, while those using natural gas may benefit 

from waiting for technology costs to decrease. Additionally, the research highlights the 

importance of considering fossil fuel savings when planning transition timelines. This 

comprehensive analysis provides valuable insights for policymakers and stakeholders in 

developing strategies to decarbonize Canada's remote communities and improve their energy 

independence. 

 

2.5 SCADA Systems for Industrial Operations 

The advent of Industry 4.0 has ushered in a new era of industrial innovation, characterized by 

the integration of cyber-physical systems, and the Internet of Things (IoT). This technological 

revolution has significant implications for various sectors, including the field of Supervisory 

Control and Data Acquisition (SCADA) systems.  

 

Figure 2.1 Architecture of  SCADA System [41] 
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Key features of SCADA Systems  are shown in Figure 2.1 . SCADA comprises of sensors 

which collect real-time data from physical processes and serve as the data acquisition system. 

Actuators in SCADA systems effect control by executing commands based on processed data. 

Supervisory systems support monitoring by visualizing process status for operators, while 

hierarchical communication systems between levels ensures seamless operation by integrating 

data from multiple sources for analysis by centralized servers.  

The provided diagram illustrates the hierarchical structure of a typical SCADA (Supervisory 

Control and Data Acquisition) system, showcasing its various operational levels and 

components. The Hierarchy of a SCADA system from the architecture is presented in levels as 

follows: 

1. Level 0, Field Devices : This level includes sensors and actuators that interact directly 

with the physical processes (e.g., temperature sensors, flow meters, valves). These 

devices collect raw data and execute control commands [42, 43]. 

2. Level I, PLCs and RTUs : Programmable Logic Controllers (PLCs) and Remote 

Terminal Units (RTUs) are responsible for processing data from field devices. RTUs as 

responsible for real-time data collection and communication with Master Terminal 

Units (MTUs). They act as intermediaries between field devices and supervisory 

computers, collecting sensor data from field devices which is then processed for 

supervisory control, and executing local control logic [44]. PLCs are industrial-grade 

controllers designed for specific tasks in critical infrastructure [45]. 

3. Level II, Supervisory Computers : Supervisory computers monitor and control processes 

by communicating with PLCs and RTUs. Supervisory computers aggregate data from Level 

I devices, manage HMIs, and generate actionable insights [46]. Local servers may also be 
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present at this level to store data temporarily. The control center in SCADA architecture 

includes servers, HMIs, and databases for real-time monitoring [42]. 

4. Level III, Coordination Systems : This level includes coordinating computers and cloud 

servers that aggregate data from multiple supervisory systems. Cloud servers and 

coordination systems enable centralized monitoring across distributed SCADA networks. 

Modern architectures integrate cloud computing for scalability. Cloud servers enable remote 

access to SCADA data for centralized monitoring [46]. This layer supports IoT integration 

for advanced automation and remote access [45]. 

5. Level IV, Central Servers : Central servers store all collected data for long-term analysis, 

and decision-making. They provide high-level oversight of the entire SCADA system [43]. 

These servers integrate multi-source data for decision-making in critical infrastructure 

sectors like energy and transportation [42]. 

In the context of well-production monitoring and control, SCADA technology offers the 

potential to transform operations from manual, human-dependent processes to automated, real-

time data-driven systems. This shift has demonstrated enhanced efficiency, reliability and 

safety in production management. However, the widespread adoption of SCADA technology 

faces a substantial hurdle in the form of high implementation costs, which may limit its 

accessibility and application across industries. Low cost SCADA system deployments for oil 

field operations will be reviewed in this section. 

2.5.1 SCADA Implementation for Oil and Gas Production 

The evolution and application of Supervisory Control and Data Acquisition (SCADA) systems 

in oilfields is presented in [47]. The authors outline three major stages in the development of 

oilfield automation: computerized, digital, and smart oilfields. The importance of real-time data 

collection and analysis in improving oil production efficiency and reducing operational costs 
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is emphasized. It highlights the challenges faced in implementing SCADA systems in oilfields, 

particularly in terms of data communication and multiphase flow rate measurement. The study 

also explores recent trends in oilfield data communication, including the use of satellite 

technology, portable SCADA systems, and wireless communication. The authors stress the 

potential for further advancements in SCADA technology to meet the unique requirements of 

the oil and gas industry, especially as global energy demand continues to rise. 

The adoption of Internet of Things (IoT) technology in the oil and gas (O&G) industry, 

highlighting its potential to transform operations across upstream, midstream, and downstream 

sectors is presented in [48]. While Supervisory Control and Data Acquisition (SCADA) 

systems have long been used for asset monitoring in the O&G industry, they face limitations 

such as interoperability issues, high costs, and inflexibility. IoT emerges as a solution to 

overcome these SCADA-related challenges, offering seamless real-time data collection, 

processing, and analysis capabilities. The review identifies key applications of IoT in O&G, 

including remote monitoring, predictive maintenance, automation, safety compliance, and 

supply chain management. However, the industry faces several hurdles in IoT adoption, such 

as cybersecurity risks, technological readiness for hazardous environments, interoperability 

concerns, and data management challenges. The study emphasizes the need for collaborative 

research efforts and greater engagement from O&G operators to drive innovation and address 

these challenges effectively. 

The transformative potential of edge computing and Industrial Internet of Things (IIoT) 

technologies in oilfield management is presented in [49]. It highlights how these innovations 

enable real-time data analysis, proactive maintenance, and autonomous operations, leading to 

significant improvements in operational efficiency and cost reduction. The authors present 

several case studies demonstrating the practical applications of edge computing in various 

scenarios, such as remote asset monitoring, automated gas handling in ESP operations, and 
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intelligent rod pump diagnostics. These implementations resulted in reduced manual 

interventions, improved safety, and increased production. The study emphasizes the importance 

of an open, secure, and scalable edge computing platform that can integrate with existing 

infrastructure and leverage domain expertise. By adopting these technologies, oil and gas 

operators can achieve a step change in performance, enhancing operational efficiency and 

productivity while minimizing safety risks and environmental impact. The authors conclude 

that as the digitalization of field assets matures, more operators will recognize and capitalize 

on the benefits of IIoT solutions for comprehensive field optimization 

 

Table 2.1 A comparison of different SCADA system technologies. 

SCADA 

System Type 

Description Key Features Advantages Disadvantages 

Standalone 

SCADA 

Operates independently 

without network connections. 

Ideal for small installations. 

Simple, low cost, 

stable in environments 

with connectivity 

issues. 

Easy to install and 

maintain, low cost. 

Limited scalability, not 

suitable for complex 

processes. [50]  

Distributed 

SCADA 

Connects multiple 

workstations and control units 

via a centralized network. 

Used in large industrial 

installations. 

Scalable, integrates 

multiple processes, 

real-time monitoring. 

Offers flexibility and 

scalability, suitable 

for large businesses. 

More expensive, 

requires robust 

infrastructure. [51]  

Cloud-Based 

SCADA 

Stores and processes data on 

remote servers, enabling 

remote access and reducing 

local infrastructure needs. 

Remote monitoring, 

cost-effective, 

integrates with digital 

platforms. 

Reduces operational 

costs, enhances 

remote access and 

integration 

capabilities. 

Data security concerns, 

requires reliable 

providers. [52]  

Web SCADA Combines distributed and 

cloud-based features, offering 

multi-platform access via a 

browser-based interface. 

Flexible, accessible, 

supports OPC UA 

protocol. 

Highly adaptable, 

supports Industry 4.0 

demands, reduces 

costs. 

May require advanced 

infrastructure for full 

functionality. [50]   

Monolithic 

SCADA 

Basic architecture with a 

single system communicating 

with RTUs. No network 

connectivity. 

Simple, independent 

operation. 

Easy to implement in 

isolated 

environments. 

Limited functionality, no 

scalability. [53]   

Networked 

SCADA 

Uses WANs and Ethernet to 

connect systems, enabling data 

access from multiple locations. 

Scalable, 

interconnected 

systems. 

Enhances data 

sharing and system 

integration. 

Requires advanced 

networking 

infrastructure. [51]   

IoT-Integrated 

SCADA 

Incorporates IoT technology 

for real-time data collection 

and analysis across 

interconnected systems. 

Advanced data 

analysis, reduced 

infrastructure costs. 

Offers enhanced 

automation and data 

insights. 

May require significant 

investment in IoT 

infrastructure. [51]   
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A comparison of different SCADA system technologies is shown in Table 2.1 presenting the 

types, description, key features, advantages and disadvantages. 

 

The implementation of advanced technologies to optimize sucker rod pumping operations in a 

challenging oil field is presented in [54]. The authors describe how they leveraged Internet of 

Things (IoT) devices, edge computing, and machine learning algorithms to transform their 

approach from reactive to proactive well management. By installing edge gateway devices on 

multiple wells, they were able to collect and analyze real-time data, including dynamometer 

cards, which provide crucial insights into downhole pump behavior. The system utilizes cloud-

based dashboards and sophisticated analytics modules to visualize data, detect anomalies, and 

generate smart alarms. This digitalization effort has resulted in significant improvements, 

including reduced well downtime, prevention of equipment failures, and more efficient 

resource utilization. The authors emphasize how this technology-driven approach enables 

remote management of numerous wells, optimizes production, and enhances decision-making 

processes, ultimately leading to improved operational efficiency and cost savings in 

economically challenged remote fields. 

An innovative Supervisory Control and Data Acquisition (SCADA) system designed for CO2 

Enhanced Oil Recovery (EOR) is presented in [55]. The system incorporates cutting-edge 

technologies to create an efficient, flexible, and cost-effective solution for oilfield operations. 

At its core, the design utilizes Arduino Yun single-board computers as Remote Terminal Units 

(RTUs), which enable local data processing and control. The system employs wireless 

Ethernet/IP communication via Ubiquiti NanoStation radios, forming a robust mesh network. 

A central server acts as the Master Terminal Unit (MTU), hosting a MySQL database and 

providing web-based access through Apache and PHP. The design includes an optimized 

sucker-rod pump control algorithm based on the Everitt-Jennings method. Notable features 
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include over-the-air programmability, low cost (approximately $1,000 per wellhead post-

installation), compatibility with various sensors and actuators, and a user-friendly web interface 

accessible from any device. While prototype testing in North Dakota showed promising results, 

the authors suggest further investigation into wireless communication stability and potential 

component upgrades before commercialization. 

The design and implementation of a microcomputer-based Remote Terminal Unit (RTU) for a 

Supervisory Control and Data Acquisition (SCADA) system is presented in [56]. The RTU, 

developed for an oil and gas company in the Middle East, showcases the evolving role of 

SCADA in modern industrial applications. By incorporating a microcomputer into its core, the 

RTU offers enhanced functionality, including real-time data acquisition, report-by-exception 

communication, and even complex gas flow calculations. The system's modular hardware 

design and structured software architecture contribute to its versatility and maintainability. 

Notable features include a Preventive Maintenance Terminal (PMT) for on-site diagnostics and 

a select-before-operate mechanism for secure control operations. This RTU exemplifies how 

SCADA systems are becoming more distributed and intelligent, offloading tasks from central 

stations to field devices, thereby improving overall system efficiency and responsiveness in 

various industries beyond oil and gas. 

The implementation and testing of an optimized Remote Terminal Unit (RTU) design for 

wireless Supervisory Control and Data Acquisition (SCADA) systems is presented in [57]. The 

researchers developed an FPGA-based RTU, which offers enhanced reliability and 

reconfigurability compared to traditional solutions. SCADA systems play a crucial role in 

various industries, including energy management, oil and gas, and water distribution. The study 

focuses on creating a cost-effective and efficient RTU that can operate in wide-area networks. 

The authors detail the design process, hardware implementation, and prototype testing of their 

FPGA-based RTU. They highlight the advantages of their approach, such as improved 
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performance, flexibility, and reduced costs compared to commercially available options. The 

research demonstrates the potential for FPGA technology to revolutionize SCADA systems, 

offering a more powerful and adaptable solution for remote monitoring and control applications 

across various industrial sectors. 

The implementation of telemetry SCADA (Supervisory Control and Data Acquisition) and 

Machine Learning (ML) technologies to optimize pumpjack wellhead production facilities is 

presented in [58]. The authors present a comprehensive system architecture that integrates field 

sensors, Remote Telemetry Units (RTUs), telecommunication systems, SCADA, and analytics 

gateways. By leveraging these technologies, operators can monitor and analyze dynamometer 

card data in real-time, enabling more efficient well operations. The integration of ML models 

allows for automated dynamometer card pattern recognition and predictive analytics, leading 

to reduced pump failures, lower maintenance costs, and optimized production. The study also 

highlights the benefits of edge computing and cloud-based solutions in managing remote pump 

jacks. The authors report that implementing this system on four remote pump jacks over 12 

months resulted in significant improvements, including reduced pump failures, increased 

production uptime, and lower carbon emissions due to fewer site visits. Overall, the study 

demonstrates how advanced technologies can enhance operational efficiency and sustainability 

in oil and gas production. 

An innovative approach to Supervisory Control and Data Acquisition (SCADA) systems, 

focusing on the development of a Wireless Remote Terminal Unit (WRTU) and a 

comprehensive cybersecurity framework is presented in [59]. The WRTU, designed for 

versatility and cost-effectiveness, incorporates multiple communication modes, including 

GSM, satellite, and Wi-Fi, allowing for flexible deployment in various environments. The 

system's architecture comprises the WRTU, a Control and Monitoring Center (CMC), and a 

multi-tiered cybersecurity framework. The CMC serves as the central hub for real-time 
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monitoring, control, and cyber-incident management, while the cybersecurity framework 

addresses the growing concerns of cyber threats to critical infrastructure. By integrating 

advanced technologies and security measures, this SCADA system aims to enhance operational 

efficiency, reduce costs, and provide robust protection against cyber attacks. The authors 

emphasize the importance of a holistic approach to cybersecurity, encompassing technology, 

policy, and human factors, to safeguard critical SCADA infrastructure in an increasingly 

interconnected world. 

The innovative deployment of a private Industrial Internet of Things (IIoT) network integrated 

with SCADA systems in ADNOC Onshore's oil and gas facilities is presented in [60]. The 

project aimed to enhance remote monitoring and control capabilities while addressing data 

security concerns associated with traditional IoT solutions. By leveraging existing SCADA 

infrastructure as a backbone, the team implemented a Low Power Wide Area Network 

(LPWAN) using LoRa technology. This approach allowed for the integration of legacy 

instrumentation and enabled bidirectional communication for remote well shutdown. The 

SCADA system played a crucial role in this implementation, serving as the central control and 

data acquisition platform. It facilitated the seamless integration of LoRa devices with existing 

field equipment and provided a secure means of transmitting data to the control room. The pilot 

deployment demonstrated improved operational efficiency, enhanced safety measures, and 

cost-effectiveness compared to traditional wired solutions. This novel approach to combining 

IIoT with SCADA showcases a promising direction for modernizing brownfield oil and gas 

facilities while maintaining robust security and leveraging existing infrastructure. 

The implementation of an Internet of Things (IoT) surveillance and optimization system in 

Block X, a mature oil field in South Sumatra, Indonesia is presented in [61]. The project aimed 

to enhance operational efficiency, reduce costs, and maximize production in a field with over 

100 wells. By integrating existing controllers with IoT devices, the system enabled real-time 
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monitoring and control of Electric Submersible Pump (ESP) and Sucker Rod Pump (SRP) 

wells. The Supervisory Control and Data Acquisition (SCADA) system played a crucial role in 

this transformation, serving as the central hub for data collection, analysis, and decision-

making. SCADA facilitated quick identification of problematic wells, enabled efficient 

optimization strategies, and supported the implementation of intelligent alarm notifications. 

The results were significant, including a 25% reduction in loss oil potential, substantial cost 

savings, and increased production revenue. The success of this project demonstrates the 

potential of IoT and SCADA technologies in revolutionizing oil field operations, particularly 

in mature fields seeking to improve efficiency and productivity 

The challenges and requirements for establishing an effective digital oil field (DOF) data 

architecture are presented in [62]. It emphasizes the need for a more integrated and standardized 

approach to handle the increasing volumes of data from various sources in upstream oil and 

gas operations. The authors highlight the importance of developing intelligent instrumentation, 

streamlined data acquisition processes, and unified production automation systems (PAS). A 

key focus is placed on the role of Supervisory Control and Data Acquisition (SCADA) systems 

in this context. The study suggests that SCADA, along with other PAS components, should 

evolve to handle complex data types, support real-time applications, and facilitate seamless 

integration with enterprise systems. The authors propose adopting open standards like OPC UA 

for improved interoperability and discuss the potential benefits of this approach, including 

enhanced production optimization, reduced IT costs, and improved operational efficiency. The 

study concludes by outlining the evolving requirements for sensors, PAS systems, and 

integration strategies to sustain and maximize the benefits of digital oil field initiatives. 

An innovative approach to monitoring renewable energy systems using an Internet of Things 

(IoT)-aided Supervisory Control and Data Acquisition (SCADA) system is presented in [63]. 

The researchers developed a hybrid power system comprising photovoltaic panels, wind 
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turbines, and battery storage, which is monitored and controlled remotely through a SCADA 

interface. By leveraging IoT technology, the system enables real-time data collection and 

analysis, allowing for efficient management of renewable energy sources, particularly those 

installed in remote or offshore locations. The study demonstrates the integration of simulation 

software, hardware prototypes, and online platforms to create a comprehensive monitoring 

solution. The SCADA system's role is pivotal, as it facilitates the supervision and control of 

multiple energy sources, data visualization, and remote operation of system components. This 

approach offers advantages in terms of cost-effectiveness, reliability, and real-time monitoring 

capabilities, potentially revolutionizing the management of renewable energy assets and 

contributing to the optimization of hybrid power systems. 

The implementation of ZigBee wireless technology in SCADA systems for oil and gas pipeline 

monitoring and control is presented in [64]. The authors propose replacing traditional fiber 

optic cables with ZigBee devices, citing advantages such as lower costs, reduced maintenance 

requirements, and suitability for desert environments. The study outlines the current use of 

fiber optic cables in oil and gas fields, discussing their limitations in certain environments. It 

then delves into the structure of SCADA systems, explaining their components and functions 

in industrial settings. The authors highlight ZigBee's capabilities, including its long-range 

communication, data transfer rates, and ability to support numerous nodes simultaneously. The 

integration of ZigBee with SCADA systems is presented as a solution for remote pipeline 

management, offering real-time data acquisition and control without the need for extensive 

cabling. This approach is suggested to enhance operational efficiency, reduce manpower 

requirements, and optimize transmission processes in oil and gas operations 

The application of Industrial Internet of Things (IIoT) technology to optimize crude oil 

production through enhanced pump efficiency control is presented in [65]. The researchers 

developed an innovative IIoT platform that integrates real-time data collection, analysis, and 
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control mechanisms for sucker rod pumps. By implementing wireless communication, remote 

monitoring, and intelligent control algorithms, the system addresses common challenges like 

gas lock and maintains optimal pump fillage. The study demonstrates significant improvements 

in production rates, with a 90% increase observed in the test well. Key components of the 

solution include a SCADAPack 535E controller, 5G wireless connectivity, and custom software 

for data visualization and decision support. The authors emphasize the potential of IIoT to 

revolutionize upstream and downstream operations in the oil and gas industry, leading to 

reduced maintenance costs, improved production efficiency, and increased reliability. The 

developed SCADA system monitors and controls the sucker-rod pumps leading to improved 

efficiency and reduced downtime compared to traditional manual monitoring methods [65]. 

This research highlights the transformative impact of digitalization and data-centric approaches 

in modernizing traditional oil field operations. This study also highlights the potential of using 

IoT-based SCADA solutions for collecting, storing, and analyzing required parameters to 

improve pump fillage, and enhance operational efficiency in intelligent oil and gas production. 

The Marginal Expense Oil Well Wireless Surveillance system (MEOWWS) represents a 

significant advancement in monitoring and optimizing marginal oil wells and is presented in 

[66]. Developed through a collaborative effort between Petrolects and Vaquero Energy, this 

innovative technology addresses the challenges of maintaining profitability in low-producing 

wells. The system utilizes a proprietary flow-detection method, incorporating wireless sensors 

and microcontrollers to measure well health and pumping efficiency. By transmitting daily data 

to a central base station, MEOWWS enables operators to identify issues promptly, leading to 

increased production and reduced energy consumption. The system's low power requirements 

and battery-operated design make it cost-effective and easy to implement. Field tests have 

shown promising results, with potential improvements in oil and gas production, as well as 

significant cost savings in personnel time and electricity usage. Future developments may 
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include automated pump-off controllers and applications in various monitoring scenarios, 

potentially revitalizing inactive wells and enhancing overall field management. 

The implementation of SCADA optimization software for monitoring and analyzing the 

performance of sucker rod pump units, focusing on unit balance and gearbox torque is 

presented in [67]. Traditional Counterbalance Effect (CBE) measurements, used to calculate 

Counterbalance Torque (CBT), are limited to balanced wells. For unbalanced wells, the study 

introduces a modified CBE method that incorporates a correction factor derived from crank 

movement timing. This corrected CBT value is integrated into SCADA software, enabling real-

time monitoring and accurate analysis of gearbox torque and pumping unit balance. The 

SCADA system also generates alarms for anomalies, helping operators perform preventive 

maintenance to extend the lifespan of critical components like gearboxes. Validation of the 

modified method through electrical measurements confirms its accuracy, making it a practical 

tool for improving operational efficiency and reliability in oil production. 

The optimization of sucker rod pump operations in the Wafra oil field, located in the neutral 

zone between Kuwait and Saudi Arabia, through advanced real-time surveillance and data 

analysis is presented in [68]. By instrumenting 450 wells with SCADA systems, the study 

identified wells with high load issues or suboptimal performance. A classification system 

grouped wells into categories such as those requiring equipment upgrades or parameter 

adjustments. Optimization strategies included swapping surface pumping units between wells 

based on load conditions and modifying downhole equipment to maximize efficiency. This 

approach minimized costs, reduced deferred production, and enhanced oil output by an 

estimated 1,500 barrels per day across 57 targeted wells. Additionally, continuous monitoring 

and adjustments using real-time data allowed for safe and efficient operations while addressing 

structural and gearbox loading challenges. Case studies demonstrated successful 



49 

 

implementation of these strategies, highlighting significant production gains and improved 

resource utilization. 

The implementation of an innovative real-time field surveillance and well services 

management system in a mature onshore oil field in California is presented in [69]. The project 

aimed to improve efficiency and reduce operating costs across a large number of wells. A key 

component of the system was the integration of existing Supervisory Control and Data 

Acquisition (SCADA) technologies with new software interfaces. This allowed for 

comprehensive monitoring of well performance, automated data collection, and streamlined 

decision-making processes. The SCADA infrastructure provided real-time data from various 

field devices, including pump-off controllers, tank level sensors, and flow line temperature 

sensors. This data was then consolidated and made accessible through a user-friendly web-

based interface, enabling more effective well surveillance, downtime reporting, and 

maintenance planning. The implementation of this system, combined with other initiatives, 

resulted in significant reductions in well failure rates and associated costs. The success of the 

project led to its expansion across multiple business units, demonstrating the scalability and 

potential of integrated SCADA and software solutions in improving operational efficiency in 

mature oil fields 

The implementation of a smart field optimization system in the Wafra oil field, located in the 

neutral zone between Kuwait and Saudi Arabia is presented in [70]. The project, initiated in 

2011, involved instrumenting over 900 artificially lifted wells with SCADA (Supervisory 

Control and Data Acquisition) technology. This advanced system enabled real-time monitoring, 

control, and analysis of well performance, significantly enhancing production management. 

The SCADA implementation faced several challenges, including server availability, field 

scanning, data integration, and validation. However, these were overcome through 

collaborative efforts. The system's capabilities include real-time data collection, historical data 
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analysis, and intelligent alarm configurations. This allowed engineers to identify issues such as 

chemical injection candidates, unbalanced rod pumps, gas interference, and motor overloads 

more efficiently. The SCADA-based smart field approach has revolutionized well 

management, reducing response times, minimizing failures, and optimizing power 

consumption, ultimately leading to improved production outcomes and operational efficiency 

An innovative method for estimating downhole pressure and temperature conditions in the 

Schoonebeek steamflood development using readily available SCADA (Supervisory Control 

and Data Acquisition) data is presented in [71]. The author introduces two novel approaches: 

one for determining flowing bottomhole pressure (fBHP) based on rod load measurements, and 

another for estimating flowing bottomhole temperature (fBHT) using wellhead temperature 

trends. These methods leverage the wealth of continuous SCADA data collected at the 

wellhead, which is typically used for rod pump operation optimization. By applying simplified 

models and statistical analysis to this data, the author demonstrates how to obtain robust 

estimates of downhole pressure and temperature regimes without the need for additional 

equipment or well interventions. The study highlights the potential of SCADA data to 

complement or even substitute expensive downhole surveillance techniques, thereby reducing 

operational costs while maintaining data availability for effective well and reservoir 

management. This approach not only provides near-continuous monitoring capabilities but also 

enables the recovery of historical downhole conditions, ultimately improving well and 

reservoir management practices in thermal EOR projects, even for periods when direct 

measurements were unavailable or inconsistent. 

An innovative approach to rod pump monitoring and failure detection using Industrial Internet 

of Things (IIoT) Edge Analytics is presented in [72]. The solution employs machine learning 

models deployed at the wellhead to analyze dynagraph cards in real-time, enabling automated 

identification of pump abnormalities. While traditional methods relied on centralized data 



51 

 

repositories and expert analysis, this system pushes intelligence to remote assets, allowing for 

immediate corrective actions. The architecture integrates with existing Supervisory Control and 

Data Acquisition (SCADA) systems, enhancing their capabilities by providing localized, real-

time insights. SCADA plays a crucial role in this setup by facilitating communication between 

the Remote Terminal Unit (RTU) and the supervision site, allowing operators to monitor 

multiple pumps simultaneously. The Edge Analytics solution complements SCADA by 

performing on-site analysis and generating alarms, which can be incorporated into the broader 

SCADA-based monitoring and control framework. This synergy between Edge Analytics and 

SCADA creates a more responsive and efficient system for managing rod pump operations, 

potentially reducing downtime and optimizing maintenance schedules. 

An innovative approach to optimizing rod pump systems in oil production using big data 

analytics and visualization tools is presented in [73]. The authors describe the development of 

a Rod Pump Optimization Tool (RPOT) that integrates data from multiple sources, including 

SCADA systems, to provide real-time insights and recommendations for pump adjustments. 

By leveraging SCADA data, the tool enables automated workflows that analyze well 

performance, equipment constraints, and production targets to generate specific optimization 

actions. The RPOT's interactive visualizations allow engineers to quickly identify 

underperforming wells and make data-driven decisions to improve efficiency. This approach 

has led to enhanced communication between field and office teams, significant time savings in 

well surveillance, and the potential for increased production and reduced operating costs. The 

study highlights how integrating SCADA systems with advanced analytics can transform 

traditional rod pump management, paving the way for more proactive and efficient oilfield 

operations. 

The transformative impact of edge computing and Industrial Internet of Things (IIoT) solutions 

on oil and gas production operations is presented in [74]. While traditional SCADA systems 
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have been instrumental in monitoring and controlling field operations, they face limitations in 

device integration, scalability, and data contextualization. The authors present a novel approach 

that complements SCADA with edge computing, enabling real-time data analysis and decision-

making at the well site. This combination addresses challenges such as remote well 

management, equipment diagnostics, and proactive maintenance. The study illustrates the 

benefits through case studies involving electrical submersible pumps, sucker rod pumps, and 

multiphase flowmeters. By leveraging edge gateways and intelligent algorithms, operators can 

achieve improved operational efficiency, reduced field visits, and enhanced collaboration 

between field and office personnel. The integration of edge computing with existing SCADA 

infrastructure emerges as a powerful strategy for oil and gas companies to optimize production, 

minimize downtime, and reduce operational costs in an increasingly competitive industry 

landscape. 

An innovative approach to optimizing oil and gas production through the implementation of 

autonomous well control systems is presented in [75]. The solution leverages cutting-edge 

technologies such as edge computing, artificial intelligence, and advanced analytics to enhance 

the efficiency and sustainability of sucker rod pump (SRP) operations. By integrating smart 

alarming, pump-off control, and speed optimization, the system enables real-time monitoring 

and autonomous decision-making at the well site. While SCADA systems are not the primary 

focus, they play a crucial role in the overall architecture by facilitating data exchange between 

the autonomous well controllers and centralized monitoring systems. The solution's ability to 

connect with enterprise-level SCADA platforms allows for comprehensive fleet management 

and enterprise-wide visibility, enabling operators to make informed decisions based on real-

time data from multiple wells. This integration of autonomous well control with SCADA 

systems represents a significant step towards achieving fully autonomous and sustainable 

upstream production operations. 
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The implementation of a comprehensive digital oil field solution across multiple areas in 

Kuwait, integrating real-time data from artificially lifted wells into a single, secure platform is 

presented in [76]. The project's cornerstone was the deployment of a sophisticated SCADA 

(Supervisory Control and Data Acquisition) system, which revolutionized well monitoring and 

control practices. By leveraging SCADA technology, engineers gained the ability to remotely 

access, analyze, and modify well parameters in real-time, significantly enhancing production 

optimization efforts. The integration faced numerous challenges, including network security 

concerns and the need to harmonize data from diverse fields. However, the successful 

implementation resulted in improved well performance, reduced downtime, and more efficient 

asset management. The SCADA-based solution enabled "management by exception," allowing 

teams to focus on wells requiring immediate attention while automating routine monitoring 

tasks. This digital transformation not only boosted productivity but also enhanced safety by 

minimizing the need for physical site visits, particularly in adverse conditions. 

The implementation of automated control solutions to enhance beam pump performance and 

increase well productivity in Block-5, Oman is presented in [77]. By transitioning from 

conventional manual controllers to advanced automated systems, Daleel Petroleum achieved 

significant improvements in operational efficiency and production rates. The automated 

controllers, utilizing Pump Fillage (PF) and Pump Intake Pressure (PIP) modes, optimized the 

balance between inflow and outflow performance. This led to reduced failure rates, extended 

equipment lifespan, decreased environmental impact, and lower power consumption. SCADA 

(Supervisory Control and Data Acquisition) systems played a crucial role in this transformation 

by enabling remote monitoring and control of well operations. The integration of SCADA with 

the automated controllers facilitated real-time data collection, analysis, and adjustment of pump 

parameters, contributing to the overall success of the optimization efforts. The study 
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demonstrates the value of embracing advanced technologies in mature oil fields to overcome 

production challenges and maximize resource recovery. 

The evolving landscape of Industrial Internet of Things (IIoT) adoption in the oil and gas 

industry, emphasizing the transition from traditional SCADA systems to more advanced IoT 

solutions is presented in [78]. While SCADA has long been the backbone of industrial control 

and data acquisition, the authors argue that IIoT represents a significant leap forward in 

capabilities and potential benefits. Unlike SCADA's often isolated and proprietary nature, IIoT 

architectures integrate multiple sensors, enterprise systems, and advanced analytics to enable 

more comprehensive operational insights and decision-making. The study highlights various 

use cases where IIoT has been implemented, such as artificial lift optimization, equipment 

maintenance, asset life extension, and safety improvements. However, it also acknowledges the 

challenges in this transition, including the need to bridge legacy SCADA systems with new IoT 

technologies, address connectivity issues in remote locations, and enhance cybersecurity 

measures. The authors suggest that while SCADA remains relevant, the industry is gradually 

moving towards a more interconnected, data-driven approach that combines edge computing, 

cloud analytics, and machine learning to unlock new levels of efficiency and value creation in 

oil and gas operations. 

A novel approach to hydrocarbon production optimization using a digital twin model that 

encompasses the entire value chain is presented in [79]. The authors present a solution called 

Real-time Production Optimization (RTPO), which utilizes an equation-based optimization 

engine to address challenges in traditional simulation methods. RTPO integrates data from 

various sources, including SCADA systems, to create a comprehensive digital twin of the 

oilfield. By leveraging SCADA data for real-time insights into well performance, pressure, 

flow rates, and equipment status, RTPO enables more accurate and timely optimization. This 

integration allows for strategic optimization, rapid response to field upsets, and exploration of 
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"what-if" scenarios. The study emphasizes how SCADA integration is crucial for generating 

up-to-date well curves and virtual flow meter data, which are essential for reliable optimization 

runs. By combining SCADA data with advanced modelling techniques, RTPO aims to bring 

the industry closer to autonomous well operations and closed-loop production optimization 

The critical role of Supervisory Control and Data Acquisition (SCADA) systems in the oil and 

gas industry, particularly for pipeline monitoring and control is presented in [80]. It emphasizes 

the importance of selecting appropriate communication media and protocols for SCADA 

implementation. The authors advocate for the use of advanced seven-layer protocols, which 

offer benefits such as network redundancy, remote diagnostics, and efficient data transmission. 

The study explores various aspects of SCADA communications, including protocol features, 

integration of multiple devices, wide area network connections, and direct IP connectivity. It 

also highlights innovative functions enabled by modern SCADA systems, such as video image 

transmission and instant pager notifications. The authors argue that investing in advanced 

communication protocols for SCADA systems can lead to significant operational benefits and 

cost savings in the long run, making it a crucial consideration for oil and gas companies seeking 

to optimize their pipeline operations 

The challenges and advancements in real-time data architecture for upstream oil and gas 

operations, particularly focusing on the implementation of the digital oilfield concept is 

presented in [81]. Supervisory Control and Data Acquisition (SCADA) systems play a pivotal 

role in this ecosystem by enabling efficient communication between field devices through 

simple, power-efficient protocols like Modbus. SCADA facilitates both one-way and limited 

two-way communication, allowing remote monitoring and basic control of operations, such as 

opening or closing valves. These systems are crucial for managing data from sensors operating 

in harsh, remote environments and integrating it into centralized networks. Despite their long-

standing utility since the 1960s, SCADA systems face limitations in handling the massive and 
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diverse data generated by modern oilfield operations. However, advancements in sensor 

technology, wireless transmission, and data integration standards are making SCADA systems 

more robust and adaptable. These developments, combined with big data technologies, enhance 

decision-making, operational efficiency, and safety in the oil and gas industry. 

An innovative approach to real-time well monitoring in marginal oil fields using a custom-built 

Intelligent Well Monitoring (IWM) system is presented in [82]. The authors describe the 

development and implementation of a cost-effective solution that utilizes smart 

microcontrollers and sensors to monitor key well parameters such as pressure, temperature, and 

load current. Unlike traditional SCADA (Supervisory Control and Data Acquisition) systems, 

which are often expensive and limited to high-priority wells, the IWM offers a more affordable 

alternative suitable for widespread deployment across marginal fields. While SCADA systems 

typically provide more comprehensive data, including features like dynagraphs, the IWM's 

lower cost allows for broader implementation, potentially covering a larger number of wells. 

The system significantly improves crew response time from hours to minutes by sending real-

time notifications to smartphones, enhancing production efficiency and safety. The authors 

report that the IWM demonstrated high accuracy compared to calibrated manual tools and 

proved to be 82% more economical than traditional SCADA-based monitoring systems in their 

field trials, making it a promising solution for marginal field operators seeking to optimize 

production while managing costs. 

The implementation of an innovative approach to well optimization in Bakken horizontal wells 

using Internet of Things (IoT) devices and machine learning is presented in [83]. The authors 

highlight the limitations of traditional rod pump control systems, particularly in modern, 

deviated wellbores. By employing a more sophisticated wave equation that accounts for 

additional friction factors and utilizing high-resolution data from IoT devices, the system can 

more accurately model downhole conditions. The study emphasizes the shortcomings of 
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conventional SCADA-based systems, which are limited in their ability to transmit large 

volumes of data and react to dynamic well conditions. The new approach overcomes these 

limitations by deploying IoT-enabled edge devices that provide real-time, high-quality data 

directly to improved physics models. This allows for more accurate well classification and 

autonomous setpoint management. The pilot study, conducted on 50 wells, demonstrated 

significant improvements in well optimization, including increased production in under-

pumping wells and improved efficiency in over-pumping wells. The results underscore the 

potential of this data-driven, autonomous optimization technique to enhance operational 

efficiency and production in unconventional oil fields, while highlighting the limitations of 

traditional SCADA systems in achieving similar results. 

The integration of Supervisory Control and Data Acquisition (SCADA) systems with Machine 

Learning (ML) techniques to optimize pumpjack wellhead production facilities is presented in 

[84]. The SCADA system plays a crucial role in this setup by collecting real-time data from 

various sensors, including proximity sensors and load cells, which are used to generate 

dynamometer card. These dynamometer card provide valuable insights into well performance 

and potential issues. The SCADA infrastructure enables remote monitoring and control of the 

pumpjacks, allowing operators to make informed decisions from a central control room. By 

incorporating ML algorithms, the system can automatically analyze dynamometer card, predict 

potential problems, and optimize production parameters. This combination of SCADA and ML 

not only enhances operational efficiency but also reduces maintenance costs, minimizes 

downtime, and contributes to sustainability efforts by reducing the need for frequent site visits. 

The study demonstrates how this integrated approach can lead to significant improvements in 

pump jack performance, energy consumption, and overall production optimization. 

The implementation of a Supervisory Control and Data Acquisition (SCADA) system to 

transform three offshore oil platforms in Egypt's Red Sea from manned to unmanned operations 
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is presented in [85]. The project involved several key components, including the installation of 

new instrumentation networks, modification of control circuits, implementation of high-speed 

communication links, and the integration of solar power systems. The SCADA system played 

a crucial role in modernizing the control infrastructure, replacing outdated relay-based and 

pneumatic systems with a more efficient, reliable, and remotely operable solution. By 

integrating real-time monitoring, automated control, and advanced communication 

technologies, SCADA enabled comprehensive oversight of well operations, production 

processes, and safety protocols from an onshore control center. The project also incorporated 

PID (Proportional-Integral-Derivative) algorithms to optimize control processes and utilized 

renewable energy sources to power certain platform systems, to enhance sustainability and 

reduce operational costs. The transition to unmanned platforms, facilitated by SCADA, resulted 

in significant economic benefits, improved safety measures, and increased operational 

efficiency. This case study demonstrates the transformative potential of SCADA technology in 

offshore oil and gas operations, showcasing its ability to streamline processes, minimize human 

intervention, and optimize resource utilization in challenging marine environments. 

The implementation of Internet of Things (IoT) technology in the KS brownfield in South 

Sumatra, Indonesia, to enhance the monitoring and control of Electrical Submersible Pump 

(ESP) systems is presented in [86]. The authors highlight how Supervisory Control and Data 

Acquisition (SCADA) technology, integrated with IoT, revolutionized the field's operations. 

By utilizing existing GSM cellular networks and implementing a dynamic IP architecture, the 

project achieved cost-effective real-time monitoring of ESP parameters. The SCADA system, 

equipped with intelligent alarms and automatic notifications, significantly improved operator 

response times and reduced production losses. The implementation faced challenges such as 

varied ESP controller types and communication issues, which were addressed through 

programmable modems and tailored communication modes. The study emphasizes the 
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importance of a robust SCADA platform in enabling data-driven decision-making and paving 

the way for future advancements in big data analysis and machine learning within the oil and 

gas industry. 

The application of low-cost data loggers and controllers to optimize oil production using 

progressive cavity pumps are presented in [87]. While traditional methods rely on limited daily 

observations, this innovative approach enables continuous monitoring and data collection. The 

system primarily measures rod torque, which reflects various well conditions such as sand 

influx, gas presence, and pump-off situations. By analyzing this data, operators can make 

informed decisions to prevent problems and enhance production efficiency. The technology 

allows for real-time monitoring at the well site and remote data access through wireless 

connectivity. Additionally, the system can implement automated controls to respond to adverse 

conditions, potentially reducing equipment damage and downtime. While SCADA systems are 

mentioned as helpful for well monitoring, they are described as costly and limited in data 

handling capabilities. In contrast, this low-cost solution offers a more accessible and 

comprehensive alternative for optimizing oil production, particularly for smaller operations or 

those seeking a more cost-effective approach to well management and data analysis. 

The implementation of an integrated SCADA (Supervisory Control and Data Acquisition) 

system in a west Texas oil field is presented in [88], showcasing the benefits of combining RTU 

(Remote Terminal Unit) functionality with programmable controller-based control systems. 

The project aimed to evaluate the cost-effectiveness of new technologies in oil production 

applications. The SCADA system incorporated various functions, including automatic well 

testing, water injection control, and remote monitoring of production facilities. Key design 

criteria included the use of existing communication infrastructure, expandability, and remote 

diagnostic capabilities. The system architecture utilized Local Area Networks (LANs) at both 

the master location and the lease, allowing for significant expansion potential. The 
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implementation process involved extensive software development, testing, and integration of 

various components. The resulting SCADA system demonstrated several benefits, including 

reduced production downtime, increased operational efficiency, and improved remote control 

capabilities. Overall, the project highlighted the viability and reliability of programmable 

controller LANs in accessing field data and alarms, leading to the initiation of similar 

installations in other fields. 

A novel Internet of Things (IoT) based architecture for the oil and gas industry, aiming to 

address limitations of existing monitoring systems are proposed in [89]. While Supervisory 

Control and Data Acquisition (SCADA) systems have been widely used, they face challenges 

such as high costs, inflexibility, and delayed data transmission. The authors present a modular 

IoT architecture comprising smart objects, gateways, and a control center to enable efficient, 

secure, and real-time monitoring across upstream, midstream, and downstream operations. This 

approach leverages IoT devices and cloud technologies to simplify configurations and reduce 

complexity. The architecture supports various scenarios, including pipeline monitoring, 

wellhead management, and storage tank oversight. By facilitating predictive maintenance, 

enhancing security, and optimizing operations, the proposed system aims to improve 

productivity and reduce costs in the oil and gas sector. The authors emphasize the potential for 

this IoT-based solution to overcome SCADA's limitations and provide more responsive, 

scalable, and cost-effective monitoring capabilities. 

The challenges and potential improvements for future Supervisory Control and Data 

Acquisition (SCADA) systems are presented in [90], focusing on enhancing their 

interoperability and extensibility. The authors argue that current SCADA systems are often 

inflexible, static, and centralized, which limits their ability to integrate with other technologies 

and adapt to new applications. To address these issues, they propose three key areas for research 

and development: implementing a flexible communication architecture, developing open and 
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interoperable protocols, and creating smarter remote terminal units (RTUs). The study suggests 

adopting Internet technologies for networking, establishing a two-tiered architecture that 

incorporates wireless sensor networks, and designing RTUs capable of preliminary data 

processing and real-time event detection. By addressing these areas, future SCADA systems 

could significantly improve their functionality and adaptability, particularly in applications 

such as oil and gas field monitoring, where enhanced interoperability and extensibility could 

lead to increased productivity at minimal cost. 

 

2.6 Dynamic Modelling of Energy Systems for Oil Well Production 

Significant amount of energy is required to drive the artificial lift systems that produce oil from 

aging reservoirs. Depending on the prime mover and the type of artificial lift system, the energy 

could be sourced from diesel, natural gas or associated gas produced on-site. The growing 

demand to reduce the carbon footprint of these aging wells is driving the wave of electrification 

of the upstream oil and gas industry and hence increasing the adoption and integration of  large 

scale, high power onsite renewable energy sources  such as solar (PV, thermal and concentrated 

solar power), wind turbines (electric, hydraulic), storage (battery, flywheel), and geothermal  

(steam generation and steam injection for enhanced oil recovery). This section will review 

literature featuring approaches adopted to integration of renewable energy in powering oil 

wells. 

2.6.1 Dynamic Modelling of Renewable-Powered Pumps 

As the integration of renewable energy resources with artificial lift systems becomes more 

prevalent, there is a growing need for accurate modelling and simulation tools and frameworks. 

A methodology for Power Supply of Sucker Rod Pumping Units using Renewable Energy 

Sources is presented in [35]. The study presents innovative approaches to powering sucker rod 

pump units in the oil industry using renewable energy sources, specifically wind and solar 
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generators. Recognizing that electricity consumption significantly impacts oil production costs, 

the study proposes a hybrid power supply strategy that reduces strain on the electrical grid and 

enhances power reliability. By integrating wind turbines and solar panels into the existing 

electrical infrastructure, the researchers demonstrate a method to supplement traditional grid 

power with renewable energy, particularly focusing on smoothing the cyclic power 

consumption characteristic of sucker rod pump electric motors. The proposed system allows 

for dynamic power management, where constant power is drawn from the electrical grid while 

variable power components are supplied by renewable sources, ultimately improving energy 

efficiency and potentially reducing operational expenses in oil extraction processes. Their 

approach ensured that the frequency-controlled electric drive has a direct current link. The wind 

generator and solar panel are then directly connected to the sucker rod pump through a DC link 

without an inverter [35].  

The evolution of wind power technology and its application in the oil industry is presented in 

[91]. As wind turbines have become more advanced and powerful, they have found new uses 

in oil field operations. Larger turbines can now supply energy to multiple pumping units, while 

smaller ones can be employed to operate individual beam pump units (BPUs). The integration 

of hydraulic transmission systems allows for direct power transfer from the wind turbines to 

the oil field equipment. This innovative approach demonstrates the growing synergy between 

renewable energy and traditional fossil fuel extraction, potentially reducing the carbon footprint 

of oil production operations. [91] Identified the low efficiency of wind to electrical energy for 

beam pumps and proposed an improved hydraulic system for using off-grid wind energy for 

driving the load of the sucker rod pump. 

A novel wind-motor hybrid power pumping unit for oil fields is presented in [92], aiming to 

improve energy efficiency and reduce costs. The system directly utilizes wind energy through 

a mechanical-hydraulic transmission, eliminating the need for intermediate electricity 
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conversion. It can operate in both hybrid and wind-only modes, adapting to varying wind 

conditions. The authors develop mathematical models, conduct simulations, and perform 

experiments to validate the system's performance. They propose optimization methods for key 

parameters like rated wind speed, system pressure, and transmission ratios. A dual-pump 

configuration is suggested to enhance efficiency at low wind speeds. The study demonstrates 

that this new approach can achieve higher wind energy utilization rates (over 60%) compared 

to traditional wind power generation methods (around 43%). The system's ability to match 

loads dynamically and recycle energy contributes to its improved efficiency. Overall, this 

innovative design shows promise for reducing energy consumption in oil field operations, 

particularly in remote areas with limited access to electricity. 

An innovative approach to utilizing wind energy in oil fields through a novel wind-motor 

hybrid pumping unit is proposed in [93]. The proposed system combines a small wind turbine 

with a mechanical-hydraulic transmission to directly drive oil pumping units, eliminating the 

need for wind power generation equipment. This design aims to improve energy efficiency, 

reduce costs, and optimize power distribution compared to traditional large-scale wind turbine 

setups. The study presents a comprehensive mathematical model of the hybrid system and 

conducts extensive experiments and simulations to validate its effectiveness. Key findings 

include the system's ability to achieve power mixing, energy regulation, and recycling of 

gravitational potential energy. The researchers also analyze various parameters affecting 

system efficiency, such as wind speed, pressure, coupling rotation speed, and displacement 

ratios. Overall, this new method shows promise for enhancing wind energy utilization in oil 

fields, particularly in remote areas with abundant wind resources but limited access to 

electricity. 

A parallel digital sucker-rod pump system (PDSRPS) was developed by [94]. The research 

integrates real oil pump systems with their customized digital twins to establish cyber-physical 
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systems. The adaptive optimization in pumping processes is developed with the interaction 

between physical pump units and their digital versions. The research presents the concept of 

Parallel Digital Sucker Rod Pump Systems (PDSRPS) as an innovative approach to optimize 

oil pumping operations. The authors propose a framework that integrates physical sucker rod 

pump (SRP) units with their digital twins, creating a cyber-physical system for adaptive 

optimization. By leveraging technologies such as 5G, IoT, cloud computing, and artificial 

intelligence, the PDSRPS aims to enhance the efficiency and intelligence of oilfield 

management. The framework facilitates real-time monitoring, continuous modelling, and 

virtual-real collaborative computing, moving away from traditional offline or manual 

management approaches. The feasibility of the proposed framework is demonstrated through 

computational experiments on conventional beam-pumping units, showcasing improvements 

in structural dimensions and dynamic performance. While the study primarily focuses on 

optimization, it also presents the potential for parallel diagnosis and control within the PDSRPS 

framework, suggesting avenues for future research in intelligent oilfield operations [94]. 

The development of a digital sucker rod pumping (SRP) unit for research and educational 

purposes at the University of Oklahoma is presented in [95]. The project aims to create a 

versatile laboratory setup that can simulate various pumping unit geometries and operational 

conditions using a single linear actuator. The system incorporates modern technology, 

including sensors, data acquisition systems, and LabVIEW software for control and data 

analysis. Key objectives include mimicking different pumping units, bridging the technology 

gap in academia, establishing a research platform, and providing an educational tool for 

students. The setup allows for the study of various SRP-related phenomena, such as friction in 

deviated wells and gas interference. By generating and analyzing dynamometer cards, the 

system enables students and researchers to gain hands-on experience with digital oilfield 

technologies and explore solutions to common SRP challenges. This innovative approach seeks 
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to prepare future engineers for the increasingly digitalized oil and gas industry while advancing 

research in artificial lift systems. 

A data-driven approach for monitoring and diagnosing sucker rod pump systems is presented 

in [96]. The author developed an experimental setup called the Interactive Digital Sucker Rod 

Pumping Unit (IDSRP) at the University of Oklahoma to simulate field-scale operations. The 

facility includes a 50-foot vertical structure with sensors to collect data on pressure, load, and 

displacement. Using this data, the author applied machine learning techniques to predict pump 

performance and detect anomalies. Key contributions include transforming surface 

dynamometer cards to downhole cards, developing a predictive model to classify normal and 

abnormal pump operations, and using explainable AI methods to identify important features 

driving pump behavior. The research demonstrates the potential for automated, real-time 

monitoring and optimization of sucker rod pump systems using data analytics and machine 

learning. Overall, this work aims to advance the digitalization and automation of artificial lift 

systems in the oil and gas industry. 

A comprehensive model for analyzing the operating modes of sucker-rod pumping units 

(SRPUs) using the SimMechanics library in MATLAB Simulink is presented in [97]. The 

authors detail the process of developing a digital representation of a rear-mounted sucker-rod 

pumping unit SRPD8-3-5500, focusing on its mechanical components and their interactions. 

The model aims to optimize pump productivity, enable sensorless diagnostics, and improve 

energy efficiency. Key aspects of the simulation include the frame structure, reducer and 

transmission systems, horse head mechanics, and the behavior of the sucker rod and plunger 

pump. The researchers emphasize the importance of dynamometer and wattmeter cards in 

diagnostics and showcases how the model can generate these crucial operational indicators. By 

simulating various fault conditions, the study lays the groundwork for developing advanced 
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sensorless diagnostic tools and automated control systems for SRPUs, potentially 

revolutionizing oil extraction monitoring and maintenance practices. 

A novel approach to modelling sucker rod pumps using MATLAB Simscape, a physical 

modelling toolbox is presented in [98]. The authors developed a comprehensive simulation 

model that accurately represents the complex dynamics of sucker rod pumping systems, 

including the prime mover, pumping unit, rod string, and pump system. By utilizing Simscape's 

library of physical components, the researchers created a detailed representation of the pump's 

mechanical and hydraulic elements. The model successfully simulates various operating 

conditions, including normal operation and common fault scenarios such as valve leakages and 

insufficient liquid supply. The study demonstrates the model's capability to generate 

dynamometer cards, motor power curves, and wattmetrograms, which are crucial for analyzing 

pump performance and diagnosing issues. This Simscape-based approach offers advantages 

over traditional mathematical modelling techniques, providing a more intuitive and efficient 

method for studying the nonlinear behavior of sucker rod pumps. The developed model has 

potential applications in training diagnostic systems and optimizing pump operations in the oil 

industry. 

 

2.7 Justification for Renewable Energy Powered Oil Well 

Technology advancement and growing energy demand are fostering improvements in the 

efficiency, and reduction in the cost of renewable energy systems. Climate change and the 

impact of greenhouse gases on global warming is accelerating the advancement in energy 

transition, and the Oil and gas industry continues to play a key role, increasingly adopting 

onsite renewable energy to mitigate the direct emissions associated with oil and gas production.  

As conventional oil wells age, they plateau in production, and decline, facing significant risk 

of being orphaned, suspended or abandoned. The rapidly growing number of aging wells 
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exponentially amplifies the life cycle impact and administrative burden of these challenges, 

compounded by the fiscal, environmental, and sustainability implications. This research 

provides a framework than can be adopted to scrutinize the inventory of available wells, and 

systematically select candidate wells that can be profitably restored to marginal production. 

This provides an alternative option for reinvesting some of the abandonment budget. This 

approach potentially extends the lifecycle of brownfield operations while reducing the 

environmental footprint of the upstream oil and gas sector and developing renewable energy 

generation capacity for distributed energy generation and storage. This research provides a 

renewable energy approach for powering remote oil operations while leveraging fully 

customizable, low-cost, open-source, Internet-of-Things, supervisory control and data 

acquisition systems for monitoring and managing production system operations. 

 

2.8 Assumptions and Limitations 

Assumption made for the research outcomes to be valid and viable are as follows: 

• The site chosen is significantly remote, with electric grid power supply sufficiently distant 

to justify investment in stand-alone off-grid renewable supply. 

• The hydrocarbon composition of the fluid produced from the sub-surface is of significant 

value, such that revenue accruable from its sale covers the capital and operating cost for 

onsite renewable energy, after adjusting for the time value of money. 

• Regulatory environment in terms of cost per MtCO2e is favourable, stable and sustained 

throughout the lifecycle of the project ensuring the project maintains long-term feasibility. 

• The environmental impact of the project is limited to scope 1 (direct emissions) curtailed 

from upstream oil and gas production and does not extend to scope 2 (indirect emissions) 

or full life cycle assessment. 
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• There is no interruption to production, during the prescribed pumping hours for either 

intermittent or continuous production profiles. 

• The open-source, IoT SCADA system does not include a load cell for strain measurement 

and the system is not mounted on a sucker rod pump model. Future studies could include 

these, so SRPU metrics can be determined and sensor outputs calibrated for the pump. 
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Chapter 3 

SIZING, PARAMETRIC INVESTIGATION, AND ANALYSIS 
OF AUTOMATED SUCKER ROD PUMP USING BEAM PUMP 

SIMULATORS 

 

Co-authorship statement 
This chapter achieves research objective 1 of this thesis as stated in Section 1.3. It presents the 

Sizing, Parametric Investigation, and Analysis of Automated Sucker Rod Pump using Beam 

Pump Simulators with a focus on developing an integrated simulation methodology combining 

QRod™ and PROSPER™ platforms for optimizing the sizing of sucker rod pump artificial lift 

systems, with emphasis on minimizing energy requirements and maximizing production 

efficiency. This study conducts a comprehensive parametric investigation of key design 

variables affecting sucker rod pump performance, including pump geometry, API rod number, 

pump diameter, and rod material, to establish optimal configurations for deep well applications. 

This study quantitatively evaluates and compares the performance of different rod string 

designs using key indicators such as damped horsepower, cyclic load factor, and prime mover 

rating, with focus on wells deeper than 3500 feet, to ensure reliable long-term operation. This 

study develops and validates an optimized sizing methodology that reduces iteration 

requirements and optimizes artificial lift system design, achieving significant reductions in 

damped horsepower, polished rod horsepower, and minimum NEMA D motor size 

requirements. 

I (Charles Aimiuwu Osaretin) am the principal author and contributed to Conceptualization, 
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Abstract 
Reciprocating piston artificial lift systems are widely adopted especially, for onshore wells. 

Matching the pump mode to well and reservoir conditions reduces the pumping cost and 

increases production efficiency. Parameters influencing the energy requirement of sucker-rod 

lifted oil wells are investigated in this study, and new insights are provided for the parametric 

investigation of design variables required for sizing beam-pumped wells. Two (2) artificial lift 

simulators are integrated for automated sizing of beam-pumped systems. A sucker-rod artificial 

lift system is optimally sized for a case study oil well, to obtain the minimum API rating of the 

pumping unit, sustain the target production rate, and determine the corresponding minimum 

prime mover required to drive the pump sustainably. Compared to using a single simulator for 

the case study, the integrated approach reduces the damped and polished rod horsepower by 

54.9% and 26.5% respectively, for a corresponding decrease in minimum NEMA D motor size 

by 38.6%. These key performance indicators demonstrate the benefits of simulator integration 

in automated sizing of beam pumps. 

3.1 Introduction 

Globally, conventional hydrocarbon resources are being steadily depleted, with a growing need 

for an artificial lift for production management [1]. Oil price is projected to settle between 

$(40- 60)/barrel in the next two decades [2]. Hence at every phase during the life of a well, the 

need to minimize the cost of production, increase energy return on investment, improve pump 

https://doi.org/10.22059/jchpe.2020.295689.1303
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volumetric efficiency, prolong pump life and improve overall production efficiency, cannot be 

overemphasized [3-6]. 

Deployment of artificial lift (gas or beam pumping) to extend the life of a producing well           

[7, 8] is vital to maintain production at the desired level, particularly where the natural drive of 

the well is sufficiently depleted, and reservoir pressure becomes insufficient to produce at the 

desired flow rate. Artificially lifted wells consist of about 87% of all oil-producing wells 

worldwide, and roughly 71% of these wells are of the beam-pumped system [9]. The popularity 

of the sucker-rod pumping system is primarily due to its durable, simple, flexible, and familiar 

operation to most operators [3, 10, and 11]. 

The design of optimum beam-pumped artificial lift systems is a classic problem that has 

attracted a lot of research effort, and a proactive attempt to solve the problem entails adopting 

a holistic and integrated approach [12, 4]. Due to the relative ease of installation and 

maintenance of electric motors compared to gas engines, the former is increasingly adopted as 

the prime mover to drive beam-pumped wells [13]. Electricity cost is one of the most 

significant, if not the highest operating expense, especially for old oil wells [14], and accounts 

for about 33.38% of the total power consumption. Electric power bills typically range from 20- 

35% of the direct cost of petroleum production [13]. Well and reservoir conditions introduce 

certain constraints to fluid production, and optimal artificial lift design aims to produce fluids 

economically while working around the imposed constraints [15]. This work presents a 

simplified approach to obtaining the energy requirement of the electric motor required to drive 

the downhole pumps. 

A typical sucker-rod pumping system consists of a surface transmission system and a 

subsurface (or downhole) system. The surface components include the prime mover (motor), 

gearbox, reciprocating pump unit, polished rod, and wellhead. The metal rod string, tubing, 
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and downhole pumps are components of the subsurface equipment [16, 17]. The prime mover 

could be a fuel-powered internal combustion engine or an electric motor, whose rotational 

motion is converted by the surface unit into the reciprocating linear motion of the rod string 

within the tubing [18]. The downhole pump consists of a barrel or cylinder and a plunger or 

piston. The direction of energy transfer is such that the oscillating motion of the rod string 

causes the plunger to be displaced within the barrel. The subsurface pump has two (2) check 

valves: a travelling valve and a stationary valve, which systematically work together to transfer 

well fluids into the tubing, and cumulatively displace fluid to the surface [16, 11]. 

In the design, installation, and operation of beam-pumped wells; the pumping mode is specified 

by the unique selection of pump size, pumping speed, stroke length, and sucker rod string 

design [15]. The satisfactory performance and favorable interaction of the reservoir, wellbore, 

subsurface, and surface equipment, demands that the pumping system is sized to optimize 

production (increase production/minimize cost) [4]. The optimal design of a sucker- rod 

pumped artificial lift system implies that the parameters of the pumping system are correctly 

determined, and the equipment is carefully selected to produce the fluid economically and also 

attain other goals set by the well operator [15]. The dynamic nature of the reservoir, fluid, well, 

and pump conditions places a demand for continuous parametric investigation (in addition to 

production tests) throughout the life of a producing well, to ensure that production is both 

sustainable and profitable, [15] alluded to the fact that the power requirements and cost could 

be significantly small when the pumping mode is appropriately selected. 

Optimal design and accurate selection of the appropriate pumping mode could include lifting 

a target rate from the well under optimum conditions and matching the pump behaviour to the 

inflow rate of the well. When the pump behaviour is specified, the aim is to size the beam pump 

to the inflow or target rate of the well. An operating point could also be obtained for the well 
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such that the deliverability of the reservoir (inflow performance relationship) is matched with 

the vertical lift performance of the well [19]. 

The inflow performance relationship or reservoir deliverability is deduced from the 

productivity index of the well. In contrast, the vertical lift performance or pump deliverability 

is determined from the pump characteristic curve. Given specific operational conditions, an 

intersection point between the inflow and outflow performance can be obtained to indicate the 

operating point/production rate of the well and the corresponding flowing bottom hole pressure 

[20]. The pumping unit must be sized to match the well conditions, and the pumping modes 

dynamically adjusted to suit the reservoir conditions [1]. 

3.2 Methodology   

It is economically imperative to perform feasibility studies on stripper wells and marginal oil 

fields requiring an artificial lift. This work aims to estimate the energy requirement of a case 

study well by integrating two simulators: QRod™ (Quick Rod) and PROSPER™ (Production 

and System Performance Analysis Software). The number of trials or iterations required to 

attain the minimum API pump rating is reduced. QRod™ will initially be used to ascertain a 

provisional minimum API rating of the beam pumping unit and the size of the NEMA D motor 

(high slip electric motor). The tentative size is then combined with other design input 

parameters in PROSPER™ to obtain a more robustly sized unit. The case study is an onshore 

well "X" that requires an artificial lift to sustain production. The goal is to perform preliminary 

studies that will help in accurately selecting an optimal pumping mode and hence properly size 

the sucker rod system, to keep the well producing sufficient volumes profitably at a reduced 

cost. 
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3.2.1 Automated Sizing Methodologies of Sucker Rod Pump Artificial Lift System 

One significant challenge in analyzing the operation of a sucker rod pump arises from the 

elastic behavior of the rod strings. The polished rod stroke length (at the surface) is significantly 

different from the stroke length at the downhole pump and surface parameters cannot be 

directly used to estimate pump displacement [15]. Modelling of viscous and mechanical 

friction in addition to rod elasticity, results in a one-dimensional wave equation, with pumping 

action denoted by stress waves or elastic forces travelling at the speed of sound along the string 

length [21]. 

Automated sizing of a sucker rod pumped system uses Fourier analysis (harmonic analysis) to 

determine the position of the rod string, the amount of load, and the type of load that the rod 

string is subjected to downhole. The plot of rod load versus rod position is presented as a 

measured or predicted dynamometer card, which is useful for monitoring, predicting, and 

diagnosing production problems [22, 23]. Modelling the rod string as ideal slender bars (with 

the pumping action represented by stress waves travelling along the rod length) results in a 1- 

dimensional damped wave equation, which takes rod elasticity and friction into account in 

predicting the useful work done downhole, the position and load on the rod string in the 

subsurface. The elastic behavior of the sucker-rod is defined by the wave equation [21]. 

 

3.2.2 Parametric Investigation 

Some of the design input parameters have significant impacts on the sizing of the beam-pumped 

artificial lift system. A parametric investigation is performed in QRod™ to determine these 

specific parameters, quantify their influence on overall system objectives, and ensure that the 

parameters chosen are neither impractical nor uneconomical [15]. 
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3.2.2.1 Effect of Pump Geometry on Energy Requirement 

Figure 3.1 shows API gravity versus energy requirement for different geometries. As shown in 

Figure 3.1., it is observed that Mark II has a significantly lower energy requirement than the 

conventional units: clockwise (CWconv) and counterclockwise (CCWconv) [15]. This is 

irrespective of the API gravity of the produced fluid considered. Air-balanced geometry has the 

least energy rating of the four geometries considered; followed by mark II, counterclockwise 

conventional, and clockwise conventional units respectively, in order of increasing energy 

requirements. Air-balanced units are typically deployed for portability and well testing [15], 

and they have an advantage over crank-balanced units where space and weight requirements 

are crucial. Air-balanced units are usually preferred for wells that require larger unit sizes or 

longer pump strokes. 

 

Figure 3.1. API gravity versus Energy requirement for different geometries 

Hence in pump selection and sizing for minimum energy requirement, the mark II pump is 

preferred to decrease the power requirement. The geometry of the pumping unit is 

demonstrated to have a profound impact on the energy requirement and the corresponding size 

of prime mover required. There is a significant reduction in the energy requirement as one 

transitions from heavy oil (100) to lighter oil (450). 
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3.2.2.2 Effect of API Rod Number on Energy Requirement of Pumping Unit 

Figure 3.2 shows API rod number as a function of minimum polished rod size, stroke rate, and 

prime mover rating. It can be deduced from Figure 3.2., that with an increase in the tapering 

from 65 to 97, there is a corresponding increase in the energy requirement and a decrease in 

the stroke rate required to sustain a target level of production. This is understandable as the 

mass per unit length of the rod string is expected to increase from a tapering of 65 to 97. 

 

Figure 3.2. API rod number as a function of minimum polished rod size, stroke rate,. 

 

Figure 3.3 shows the prime mover rating as a function of pump diameter. It is observed from 

Figure 3.3 that irrespective of the pump diameter chosen, the energy requirement consistently 

increases with tapering for API rod numbers 65, 75, 86 to 97. Such that the rating of the electric 

motor (prime mover) decreases with increases in the diameter of the pumps from 1.06, 1.25 to 

1.5 inches. The minimum electric motor prime mover rating, generally decreases with an 

increase in pump diameter, as shown in Figure 3.3. 
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Figure 3.3. Prime mover rating as a function of pump diameter (at respective API rod 

numbers) 

The tapering criterion for the design of the sucker rod string greater than or equal to 3500 feet 

is satisfied by implementing significant tapering in the rod string; so that any potential rod 

failure will concentrate at the point of maximum stress. Given the desired production level, It 

can be deduced from Figures 3.2 & 3.3 that the equivalent stroke rate generally decreases with 

an increase in the API rod number. Hence for our design at a well depth of 3,500ft, the tapering 

criterion is adopted, and an API rod number of 65 is chosen to result in the least pump and 

prime mover rating, with a correspondingly maximum stroke rate (strokes per minute). The 

motor sizes also increase from API rod number 65, 75, 86 to 97. 

3.2.2.3 Effect of Pump diameter and API Gravity on Minimum Rating of Prime Mover 

Figure 3.4. shows the effect of pump diameter on minimum NEMA motor size in QRod™. It 

can be observed from Figure 3.4. that the energy requirement (minimum prime mover size in 

kW) generally decreases with an increase in the API gravity, from 100 to 450. API gravity of 25 

is adopted in sizing the artificial lift system. In general, for a specific API gravity, the 

horsepower needed for a given rod type decreases with an increase in pump diameter (from 

1.06 to 1.5 inches), being higher for lower API (heavier fluids) and lower for higher API gravity 
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(lighter fluids). Based on the mentioned figures, the pump size of 1.50 inches is chosen for the 

design as it is the widest rod pump that can practically run in a 2.375 or (2 38 ) inches anchored 

tubing. 

 

Figure 3.4. Effect of pump diameter on minimum NEMA motor size in QRod™ 

3.2.2.4 Effect of The Rod Material on The Stretch of The Rod String 

Excessive rod stretch is undesirable as it reduces the effective stroke length; hence sinker bars 

are adopted to increase the overtravel between the pump and the plunger and therefore 

compensate for excessive rod stretch [26] as can be seen in Figures 3.5a and 3.5b. The 

proportion of the plunger stroke that is effective in lifting fluids is the effective plunger stroke 

(inches) given by [15]: 

Effective plunger stroke (inch) =  polished rod stroke +  plunger over − travel – (rod stretch + tubing stretch)           (1) 

 

(a) 

 

(b) 

Figure 3.5. Static stretch and overtravel in rod string, a) steel and b) fiberglass 
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When combination rods containing fiberglass sucker-rods are used, the regular operation is 

significantly dependent on rod diameter. If the fiberglass diameter is too small, it can result in 

too much rod stretch, and from Eq. 1, this reduces the pump displacement and minimizes the 

stroke length available to do useful work at the pump [27]. For deep wells, fiberglass rods are 

generally considered more economical for fluid production than steel rods [18]. 

When the sucker-rod length is significantly longer or its diameter is sufficiently small, 

excessive stretch becomes inevitable, plunger stroke is limited, and crude oil production 

minimized, hence compensation for production loss may require increased pumping speed [31]. 

The behavior of the sucker rod pump is such that pumping (resulting from the lifting of the 

fluid) and stretching of the elastic rod, only occurs for the upstroke [24]. During the 

downstroke, rod compression occurs, and the fluid mass is not considered [25]. Solid steel or 

fiberglass could be used as material for the rod. From Figures 3.6a and 3.6b, the use of 

fiberglass sucker rods can lead to a significant reduction in rod loading (from 42.3% to 31.5%). 

It even practically eliminates corrosion [18, 26]. Aside from the fact that fiberglass material is 

not considered where pump friction is significant, another drawback is that fiberglass often 

results in excessive stretch which limits the productive capacity of the pump or even completely 

negates pump displacement [27]. 

3.2.3 Quick Rod (QRod™) 

QRod™ (Quick Rod) is a tool that mathematically simulates or imitates the motion of the 

pumping unit. A damped wave equation describes the movement of the rod string, and the 

solution to the partial differential equation (expressing the action of the rod string) is obtained. 

The load applied by the pump on the rod string is determined using the pump intake pressure. 

It uses surface boundary conditions as an approximation for the motion of the surface unit. The 

propagating stress waves influence the resultant loading of the rod string, the torque required, 
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power demands, and dynamometer card plots obtained. QRod™ uses a wave equation to 

synthesize the surface and pump dynamometer loads, determine in-balance gearbox torque, 

counterbalance, and determines the plunger velocity for a stroke. Given the pump setting depth 

and target production rate; the effect of changing parameters (such as tubing anchor, stroke 

length, stroke rate, and pump diameter) on pump displacement, rod string loading, surface unit 

and motor size requirements can be readily ascertained and the artificial lift system designed, 

as shown in Figure  3.7. Some distinctive features of QRod™ are as follows: 

• the option for tapered steel rod strings and fiberglass/steel combination strings is 

provided, 

• sinker bars can be adjusted to increase the overtravel and compensate for the negation of 

pump displacement due to excessive rod stretch, 

• the effect of pump diameter and clearance on pump slippage can be considered in the 

simulation of pump operation. 

 

 

(a)  
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(b) 

Figure 3.6. Design inputs and results using a) steel and b) fiberglass 

After conducting the parametric investigation in QRod™, for the minimum production level of 

100bbl/day, the input and default parameters are selected that will optimize the energy 

requirement of the sucker-rod pumped artificial lift system and also minimize the 

corresponding prime mover rating (minimum NEMA D motor size), as shown in Figure 3.7. 

 

3.2.4 Production and System Performance Analysis Software (PROSPER™) 

PROSPER™ is a production and system performance analysis software, useful for optimizing 

already existing system designs and assessing the effect of variation in system parameters. It 

finds application in modelling existing wells (diagnostic) and for the optimal design of new 

wells (prediction). It is used to model inflow performance (IPR) for the reservoir(s) of various 

configurations with completions that are usually complex and deviated. It is a very robust 

software that can be used to design, optimize, and troubleshoot many artificial lift options 
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including the sucker-rod or beam pumps. The approach to sizing the artificial lift system is 

shown in Figure 3.8. 

The workflow in Figure 3.8. is briefly summarized as follows: 

• the properties of the produced fluid are matched with standard fluid correlations, 

• the well and downhole equipment are modelled, 

• the appropriate model for the IPR is selected to determine the producing bottom 

hole pressure, 

• the initial design conditions for the sucker rod pump are provided, 

• the simulation is executed, and results obtained are considered, 

the process is repeated continuously (iteratively) until the design expectations are satisfied [34]. 
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Figure 3.7. Sucker-rod pump artificial lift design in QRod™ 

3.2.5 Integrated Sizing Procedure (PROSPER™ Integrated with QRod™) 

The challenge with designing artificial lift systems using PROSPER™ simulator alone is that 

the design is highly iterative, as it requires several unsuccessful attempts of trial and error 

before a practical solution can be found and even many more iterations before an optimal 

design can be attained. An alternative simulator (QRod™) helps to reduce iteration time, by 
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first performing a parametric investigation after which the parameters selected are applied in 

PROSPER™ software to obtain a more efficient sizing, as shown in Figure 3.9. 

The workflow from Figure 3.8 (based on sizing using PROSPER™ alone) is integrated with 

the results obtained from Figure 3.7 to obtain a modified workflow, shown in Figure 3.9. The 

process of achieving this integration is further explained in detail below. 

 

Figure 3.8. Iterative Sucker-rod pump (SRP) artificial lift design workflow in 
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PROSPER™ 

 

Figure 3.9. Modified PROSPER™ Workflow (With QRod™ Integrated) 

 

The fluid type for the petroleum system is oil and water, modelled as black oil, a single-stage 

separator is adopted, and the fluid viscosity is modelled as Newtonian. The design procedure 

begins by inserting the PVT properties, shown in Figure 3.10., followed by the selection of the 

correlation or regression that most closely matches the field data in terms of bubble point, gas- 

oil ratio, oil formation volume factor, and oil viscosity. 

 

Figure 3.10. PVT data inputs in PROSPER™ 
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Before the artificial lift system is designed, the well path and downhole equipment are 

thoroughly described. Details such as the deviation survey, the surface equipment, the 

downhole equipment, geothermal gradient, average heat capacity, and gauge details 

are required. For the deviation survey, a vertical well is chosen; the model in this sizing 

does not account for surface equipment. 

Modelling the fluid as black oil implies that the fluid is considered undersaturated hence 

productivity index (PI) reservoir model is user-defined, after which the IPR curve is 

estimated. Any change in the properties will require that the IPR is recalculated and the 

absolute open flow potential (AOFP) used as the maximum possible (theoretical flow 

rate). 

There are two calculation models provided in artificial lift simulators QRod™ and 

PROSPER™ concerning production rate, as shown in Figure 3.11., PROSPER™ 

software can be used for both the diagnostic and predictive models. 

• In the diagnostic model, the stroke rate is provided, while we calculate/predict 

production rate (measure surface loads and predict pump performance) as 

shown in Figure 3.11a. 

• In the predictive model, the production rate is provided, while the stroke rate is 

predicted (assume pump performance and predict surface loads), as shown in 

Figure 3.11b. 

 
(a) 
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(b) 

Figure 3.11. Predictive Model in PROSPER™, a) diagnostic and b) predictive 

In the diagnostic model, a realistic stroke rate is provided, and the resulting production rate is 

computed, but in the predictive model, a target production rate is used in the design of the 

artificial lift system. The target or desired production rate is chosen, and the software is used 

to determine the stroke rate required and the corresponding size of the artificial lift to sustain 

production. In this work, we will be using the simulators in the predictive model. 

Non-corrosive (grade D) tapered rod (6/5) is chosen (as determined from the parametric 

investigation). The diameter of the plunger and the thickness of the rod are provided when the 

rod type is specified. The plunger diameter must be less than the pump diameter, with enough 

tolerance or pump clearance for oil slippage. The percentages of each rod string section 

deduced from QRod™, and PROSPER™ are practically identical (41.7%, 58.3% in QRod™, 

and 42%, 58% in PROSPER™), with PROSPER™ providing more details in terms of the 

diameter of each rod section, as shown in Figure 3.12. 

   

Figure 3.12. Rod selection in PROSPER™  Figure 3.13. Pump intake PROSPER™ 
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In specifying the pump intake pressure, the value can be: 

• entered directly into the simulator, 

• calculated from the IPR curve, or 

• derived from the fluid gradient. 

IPR curve and the design rate specified are used to estimate the pressure which will be required 

to produce the design rate from the producing interval. This decision assumes that the mid-

perforation depth is the same as the pump intake depth, as shown in Figure 3.13. 

The design is executed, and the actual liquid production rate is 140.08 STB/day. The obtained 

design outcomes do not flag any cautions or indicate any parameters to be out of range. 

Therefore, the design is acceptable considering the constraints and input requirements. 

The pressures and temperatures are then provided for the system, as well as the surface stroke 

length and pump diameter, as shown in Figure 3.14. The tubing is specified as anchored to 

maximize the pump displacement and minimize loading on the rod string. 

 

Figure 3.14. Pump input parameters in PROSPER™ 
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Figure 3.15. Sucker-rod pump artificial lift design in PROSPER™ 

The pressures and temperatures are then provided for the system, as well as the surface stroke 

length and pump diameter, as shown in Figure 3.14. The tubing is specified as anchored to 

maximize the pump displacement and minimize loading on the rod string. 
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3.3 Discussion of Results 

Three sets of plots are typically obtained from artificial lift simulators, namely: 

• rod displacement versus load/tension (pump dynamometer card), 

• angular displacement versus mechanical torque (torque plot), and 

• pump position versus pump velocity (velocity plot). 

By identifying the indices without integration and comparing it with the integrated performance 

obtained with simulators, conclusions can be drawn (shown in Figure 3.15). The 

comprehensive design from the integrated workflow is given in Figure 3.15. showing the 

design results. As shown in Figure 3.16., three indices will be used in comparing the 

performance of the pump size obtained from the two design stages. 

• Damped horsepower 

• Cyclic load factor 

• Prime mover rating 

Table 3.1 Showing key indices, comparing a single simulator with an integrated approach 

 

Simulator 

Minimum NEMA D 

Motor Size (HP) 

Polished  

Rod 

Power 

Damped  

Horse 

po wer 

Cyclic 

Load 

Factor 

Theoretical 

efficiency 

(%) 

QRod™ 4.53 2.60 1.93 1.31 57.40 

QRod™ + 

PROSPER™ 

2.78 1.91 0.87 1.09 68.71 
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Figure 3.16. Key indices and performance indicators 

From Table 3.1, the damped horsepower is higher in the motor sized with QRod™ alone, than 

with the integrated approach (QRod™ + PROSPER™). Electric motor prime movers subjected 

to constant load have an equal root-mean-square and average current. In contrast, the RMS 

current is always higher than the average current for cyclic or fluctuating loads as experienced 

in a rod pump. The damage due to overheating is minimized by oversizing (derating) the chosen 

electric motor, hence an electric motor with a higher capacity than is required is selected to 

drive the cyclic load [29], this implies that a prime mover with sufficient starting torque, is 

chosen over one with high efficiency [5]. The measure of the evenness or variation of the 

current drawn by the motor or torsional load on the gear reducer is the cyclic load factor (CLF) 

[29]. The cyclic load factor is always greater than 1. For one pumping cycle, CLF provides a 

parameter to estimate the net torque on a gear reducer. It is defined as the ratio of the root-

mean-square torque to the average net torque [15, 30]: 

𝐶𝑦𝑐𝑙𝑖𝑐 𝐿𝑜𝑎𝑑 𝐹𝑎𝑐𝑡𝑜𝑟 (𝐶𝐿𝐹) = 𝑀𝑜𝑡𝑜𝑟 𝐻𝑝 × 𝑈𝑛𝑖𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝑃𝑜𝑙𝑖𝑠ℎ𝑒𝑑 𝑅𝑜𝑑 𝐻𝑜𝑟𝑠𝑒𝑃𝑜𝑤𝑒𝑟= 𝑅𝑜𝑜𝑡 𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑢𝑟𝑟𝑒𝑛𝑡 =  𝑅𝑜𝑜𝑡 𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒 𝑃𝑜𝑤𝑒𝑟𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑜𝑤𝑒𝑟  

Considering the effect of the cyclic load factor in derating the electric motor prime mover and 

considering a safety factor of 1.15 [31], the electric motor is rated, as shown in Table 3.2. 
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Table 3.2 Derating of High slip electric motor 

HP 𝟏 𝐤𝐖 =  𝟎. 𝟕𝟒𝟔𝐇𝐏 CLF SF Motor = (𝐤𝐖 𝐱 𝐂𝐋𝐅 𝐱 𝐒𝐅) 

2.78 2.07 1.09 1.15 2.59 

 

The CLF is also significantly higher in the motor sized with QRod™ alone than with the 

integrated approach. With smaller CLF values, the pumping utilizes available power more 

efficiently [32]. Hence, the overall theoretical efficiency in the motor sized with the integrated 

approach is significantly higher than that sized with QRod™ alone. 

 

3.4 Rod Sensitivity Analysis 

By rod sensitivity analysis as shown in Table 3.3, the various API rod numbers are evaluated 

for both uniform rod strings and tapered rod strings. The production rates which are obtainable 

from the strings and the energy requirements for each corresponding rod type are considered. 

Table 3.3 Sucker rod pump design - Rod Sensitivity 

Rod Index Rod Name Production (BBL/D) Horsepower (Hp) BBL/Hp/D 

4 44/05 190.74 1.85 103.24 

15 54/05 185.39 2.13 87.11 

22 55/05 138.87 1.69 82.51 

37 65/05 140.09 1.91 73.19 

46 66/05 121.89 1.84 66.28 

57 75/05 123.31 2.43 50.66 

63 76/05 122.40 2.03 60.42 

73 77/05 113.39 2.11 53.77 

88 86/05 122.97 2.30 53.39 

96 87/05 113.63 2.27 50.15 

107 88/05 109.24 2.47 44.17 

124 97/05 113.92 2.51 45.42 

133 98/05 109.38 2.62 41.82 

144 99/05 106.46 2.90 36.72 

163 108/05 109.53 2.84 38.62 

173 109/05 106.54 3.03 35.15 
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Figure 3.17 shows the production rate of different rod types. As can be seen from Table 3.3 and 

Figure 3.17., comparing rod indices 4, 15, 22, and 37 correspond to rod names 44/05, 54/05, 

55/05, and 65/05. Although 44/05 and 55/05 have very high production rates, uniform diameter 

rod strings (from the top of the well to the bottom) are usually deployed for well depths less 

than 2000ft [33]. With well depth greater than or equal to 3500ft, the design of rod string 

imposes the criterion for tapering; hence 54/05 would be the next best option, but since it is not 

available in both sucker-rod pump simulators (QRod™ and PROSPER™), 65/05 is chosen for 

implementing the optimal design. 

 

 

Figure 3.17. Production rate per horsepower required by rod type 
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3.5 Conclusion 

This study presents new insights into parameters affecting the sizing of beam-pumped units. It 

also deploys an integrated methodology that minimizes the need for iteration in one simulator 

alone, making it possible to perform a feasibility study at low cost and come to a single optimal 

motor design size, in limited trials. PROSPER™ has very robust PVT (fluid correlation) and 

deliverability options but adopts an iterative process in the sizing of artificial lift systems. 

Hence if a parametric investigation is performed in QRod™ and integrated with the workflow 

in PROSPER™, it becomes relatively easier to size the unit in PROSPER™ and complete the 

design with fewer iterations. Each simulation platform has its unique advantages, merits, and 

strengths in sizing applications. By integrating both simulators, the authors do not imply that 

one simulation platform is superior to the other. The findings presented for the case study well 

show that the integrated approach reduces the damped horsepower and the polished rod 

horsepower by 54.9% and 26.5% respectively for a corresponding decrease in minimum 

NEMA D motor size by 38.6%. These key performance indicators are used to demonstrate the 

benefits of simulator integration in the sizing of beam-pumped oil wells. 
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Chapter 4 

OPTIMAL SIZING AND TECHNO-ECONOMIC ANALYSIS OF 
A RENEWABLE POWER SYSTEM FOR A REMOTE OIL 

WELL 

 

Co-authorship statement 

This chapter achieves research objectives 2 and 3 of this thesis as stated in Section 1.3. It 

presents the Optimal sizing, and techno-economic analysis of a renewable power system for a 

remote oil well, with a focus on developing and reporting a detailed and systematic approach 

to selecting and sizing the optimum renewable energy system to adopt for remote wells based 

on defined technical and economic criteria. This research provides a framework for developing 

a renewable, off-grid solar PV power system to sustain oil production from remote wells. This 

study evaluates the technical and economic implications of adopting onsite renewable energy-

based approaches and assesses their feasibility, especially under varying weather and battery 

storage conditions. This study analyzes the feasibility of different renewable energy scenarios 

for continuous and intermittent production for an artificially lifted well. This study specifies 

the technical and economic criteria required in choosing the best solution for the optimum 

combination of energy source and pumping schedule. It Proffers two recommendations to the 

oil well operator based strictly on either the continuous or intermittent production using the 

following criteria: Unmet Load (kWh/yr), Capacity Storage (kWh/yr), the Net Present Cost ($), 

Levelized Cost of Energy ($/kWh) and Operating Cost ($/yr). 

I (Charles Aimiuwu Osaretin) am the principal author and contributed to Conceptualization, 

Methodology, Technical and Economic analysis, Writing of Original Draft and Editing of the 

research manuscript. The research in this chapter was supervised by Dr. M. Tariq Iqbal, and Dr 

Stephen Butt. The supervisors contributed to the conceptualization and methodology. They also 
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supervised the entire chapter, and reviewed, and corrected the research manuscript. The work 

in this Chapter has been published in the American Institute of Mathematical Sciences (AIMS) 

Electronics and Electrical Engineering, Volume 4, Issue 2, March 2020, Pages 132–153, Article 

ID 216223132, 17 pages, https://doi.org/10.3934/ElectrEng.2020.2.132. 

 

Abstract 
There is a growing interest in the deployment of off-grid renewable energy, especially for 

remote oil and gas facilities. This work is a novel attempt to optimally size a renewable energy 

system to power an artificial lift for an oil well. It proposes a low-cost alternative to the 

abandonment and decommissioning of old wells. Sucker-rod pump artificial lift simulators 

(QRod™ and PROSPER™) are deployed to estimate the energy requirement of a well, with 

both intermittent and continuous pumping considerations. Simulation and optimization are 

performed using HOMER optimizer™, which produces different system configurations and 

presents the possible configurations in order of increasing system costs. Based on economic 

and technical merits, continuous pumping using a hybrid renewable energy system consisting 

of a solar, wind and battery storage is chosen as the most feasible solution with 0 kWh/yr of 

unmet load, a capacity storage of 0.56 kWh/yr, net present cost of $145,150.50, levelized cost 

of energy of $0.51/kWh and an operating cost of $3,056.04/yr. The optimal configuration is 

finally examined to determine its sensitivity to variation in daily solar radiation and average 

wind speed. It is demonstrated to be the most preferred system design, even at the least daily 

average solar radiation. 
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4.1 Introduction 

Petroleum production currently faces the reality of low prices, and hence low budget operations 

are required [1, 2]. The reality is that more fields are required to be developed in remote 

locations and such developments are also more energy intensive [3]. The need for a simple, 

economical and environmentally sustainable alternative to keep the oil and gas wells onstream 

and minimize the impact of the depressive market cannot be overemphasized [4]. There is also 

a pandemic of the indefinite suspension of producing oil wells due to the economics of 

production, as wells previously considered economical, have suddenly become sub-economical 

at best and uneconomical at worst. The petroleum production engineer and facility engineer 

continue to face the challenge of keeping presently producing wells onstream and providing 

innovative solutions to restore idle facilities to production [5]. Considering the safety and 

environmental impact of suspending producing oil wells, economic losses due to inactivity and 

the prohibitive cost of abandonment; it becomes imperative and favorable for operators, jobs, 

the economy and the environment to minimize losses, defer costs, maintain production and 

provide innovative alternatives for producing wells classified as marginal/stripper wells [6]. 

Since wells are subjected to various production schedules, the cost implication of innovative 

renewable energy-based approaches also needs to be evaluated for feasibility, especially under 

varying weather and battery storage conditions. This work analyzes the feasibility of different 

renewable energy scenarios for continuous and intermittent production for an artificially lifted 

well; taking technical and economic factors into consideration in choosing the best solution in 

terms of the most suitable combination of energy source and pumping schedule. 

 

 

 



110 

 

4.2 Literature Review 

The increasing deployment of renewable energy for oil and gas production reflects a shift in 

paradigm, as the role of renewable energy evolves from competing to a complementary energy 

source [7]. Deployment of 100% renewable energy for hydrocarbon production has received 

some attention in literature: Van Heel et at. [8] examined the effect of using concentrated solar 

power for cyclic production of high-pressure steam required for steam injection, Poythress et 

al. [9] implemented a solar energy-based system for de-watering an onshore gas well using a 

low power DC electric motor. A gap still exists in the literature that consider the technical and 

economic feasibility of deploying 100% renewable energy to produce oil in remote facilities. 

Finding the least cost and most suitable combination of renewable sources and storage, that 

satisfies the energy demand for production in different scenarios is the task of this study. 

There comes a time in the life of an oil well, when the need arises to provide external energy 

to sustain or attain a target production. For onshore wells, about 85% of the wells requiring 

artificial lift deploy sucker rod or beam pumps, as they are simple, durable and familiar to most 

operators [10–12]. Given that the average oil production for a well is taken daily over a period 

of 12 consecutive months with peak value less than or equal to 15 barrels or when the average 

gas production considered daily over a period of 12 consecutive months has a peak value of at 

most 90,000 cubic feet per day, then for taxation purpose, such a well is considered a stripper 

well. On land, if a well becomes marginal primarily due to low production, it is usually 

classified as a stripper well. It should be noted that each oil field or producing well has a unique 

price that determines its critical profit point (benchmark price for profitable operation), below 

which a field or well will become unprofitable [13]. The producing well being examined in this 

work no longer produces adequate oil volumes to generate enough revenue from oil sale and 

hence is considered for suspension, plugging or abandonment due to either the high cost of 
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operation or low volume of production or both [14]. Continuous operation of such wells 

requires a higher price [per barrel of oil produced or thousand cubic feet (Mcf) of natural gas] 

or a reduced cost of operation/production. The system cost component is composite and 

influenced by the conditions of operation such as access to the site (remoteness), fluid viscosity, 

depth of the well and energy requirement (artificial lift required), the composition of produced 

fluids, and need for separation, processing, and disposal [13]. 

For various production conditions and at different phases in the life of an oil well, it is often 

desirable to determine and predict the power requirement for an artificially lifted petroleum 

production system. It becomes necessary to determine the rating of the prime mover required 

to drive and sustain production at the desired rate or level [14]. During artificial lift design, 

after estimating the appropriate fluid load for the well, it is normally difficult to get a standard 

motor (prime mover) to match the estimated cyclic load. It is a regular practice to settle for the 

lowest-sized motor that satisfies the load requirement. Oversizing the motors inevitably leads 

to over-pumping the wells, reducing pump efficiency and ultimately pump life. It is also typical 

at the design stage to adjust the pumping mode (stroke length, pump displacement, strokes per 

minute) [15]. This adjustment changes the speed and torque requirements and results in a 

pumping system that could over time eventually also over-pump the wells [16]. Due to the 

dynamics of the well and fluid conditions, it may be necessary to adopt a form of pump 

scheduling using a pump cycle controller (fixed-interval time clocks, percentage timers, and 

pump-off controllers/pump control system) to dynamically match the pump action to the 

available production rate [17]. A timer is a simple solution, but a pump-off controller may be 

preferable to respond to fluid-pound, allow accumulation of reservoir fluids in the wellbore, 

minimize damage to the pump, and ensure high volumetric efficiency [10, 14, and 17]. In this 

study, the electrical energy from renewable energy generators will be used to power a high-slip 
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AC electric motor, which serves as the prime mover for the sucker-rod-pumped artificial lift 

system as shown in Figure 4.1. 

 

Figure 4.1. Sucker-rod pumping unit [15]. 

4.3 System Description 

The renewable microgrid evaluated for simulation exhibits hybrid generation and redundancy. 

It tentatively consists of two (2) primary power sources: solar PV and wind, one (1) backup 

source (battery storage), and the prime mover or high slip AC electric motor (NEMA D) as 

shown in Figure 4.2. The proposed system matches the requirement of the producing well and 

is to be 100% renewable to ensure minimal interruption of hydrocarbon production, reduce 

noise, and eliminate exhaust gas pollution. 
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Figure 4.2. Hybrid renewable microgrid system with integrated components. 

4.4 Renewable Energy Potential of The Selected Location 

Medicine Hat is a city in southeast Alberta, latitude 5002’32” N and longitude 110048’49” W. 

It is one of the sunniest parts of Canada with an average of 2,544 sunshine hours and 330 days 

of sunshine per year [18]. In recent times a crisis has been looming in the oil and gas sector in 

Alberta, with the City of Medicine Hat been one of the worse hit due to the low prices. About 

2,000 producing wells in Medicine Hat (75%) are to be shut down, and only the least cost wells 

are to be left producing [19]. With the oil and gas market going through a depression, massive 

job losses are anticipated. The approach considers an idealized well, combined with the weather 

data of Medicine Hat to propose a system design. 

4.4.1 Solar Potential 

The monthly average solar radiation data (global horizontal irradiance GHI in kWh/m2/day) 

and dimensionless clearness index were obtained from NASA surface meteorology and solar 

energy database [20] and plotted in Figure 4.3. As shown in Table 4.1, Medicine Hat has the 

highest values for solar radiation and peak clearness index in the summer months, with a scaled 

annual average solar radiation of 3.61 kWh/m2/day. 



114 

 

 

Figure 4.3. Monthly average solar radiation (global horizontal Irradiance GHI) data in 

HOMER. 

Table 4.1. Monthly solar radiation and clearness index 

Month Clearness 
index 

Daily Radiation 
(kWh/m2/day) 

January 0.438 1.110 

February 0.494 1.970 

March 0.520 3.250 

April 0.559 4.890 
May 0.534 5.710 

June 0.529 6.100 

July 0.575 6.380 

August 0.565 5.340 
September 0.540 3.830 

October 0.523 2.430 

November 0.463 1.320 

December 0.439 0.930 

 

4.4.2 Wind Energy Potential 

Data available from surface meteorology and solar energy database [20] is given in Table 4.2. 

The scaled annual average wind speed at 50 m above the earth’s surface for flat terrain in 

Medicine Hat is given as 5.70 m/s. The average monthly wind speed is obtained from NASA 

with minimal variation and plotted for one year in Figure 4.4. 
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Table 4.2. Monthly average wind speed data for Medicine Hat. 

Month Average Wind Speed 
(m/s) 

January 5.670 

February 5.620 

March 5.640 

April 6.180 

May 6.320 

June 5.830 

July 5.260 

August 5.100 

September 5.480 

October 5.910 

November 5.590 

December 5.770 

 

 

Figure 4.4. Monthly average wind speed plot for Medicine Hat. 

From the data in Table 4.2 and Figure 4.4., it can be inferred that at a hub height of 50 m, the 

average wind speed of Medicine Hat is high enough for wind power generation. Hence it is 

justifiable to consider wind power as one of the primary sources of power for driving 

production of the artificially lifted well. It should be noted that apart from generating electricity 

from a wind turbine to power the AC electric motor, drive sucker-rod pump and produce at the 

desired flow rate, hydraulic wind pumps can also be tested directly for lifting fluids from the 

producing well, but such application is beyond the scope of this work. 
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4.5 Description of Load Profile for The Case Study Well 

Several possibilities could be considered as case studies, and different scenarios can thus arise 

as follows: 

Only artificial lift required: Telecommunication, remote monitoring, electronic metering and 

control, not required. The facility could be: 

• a remote gas well that requires de-watering only, 

• a remote gas well that requires chemical injection only, 

• a remote oil well that requires artificial lift only. 

Remote oil wells (in digital oilfields): oil wells powered by artificial lift requiring 

telecommunications, process automation, remote sensing, instrumentation and advanced 

process control (SCADA, PLC, etc.). Such facilities are usually powered by the electric grid 

and/or diesel/gas power only, as the energy requirement may result in very high system cost, 

except in shallow oil wells, gas wells requiring dewatering and/or chemical injection. 

Remote well requiring artificial lift only (will be considered in this work): This well for 

technical and/or economic reasons cannot be connected to the grid but is proposed to be 

powered by a small stand-alone hybrid renewable power system. It should be noted that in 

practice, between pumping cycles, several combinations of a timer on/off schedules could be 

used, depending on the downhole conditions, the pumps could be turned off for 5, 10 or as 

much as 15 minutes before restarting [16]. In this study, two (2) pumping schedules (pump 

duty cycle) are considered: 

• Scenario A: Intermittent production (diurnal, during the day, 12 hours on, 12 hours off). 

• Scenario B: Continuous production (uninterrupted). 
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For intermittent production, the daily and monthly load profile are shown in Figures 4.5. and 

3.6., respectively. The pump is turned on for 12 hours of daylight from 7 am to 7 pm and off 

otherwise.  

 

Figure 4.5. Daily load profile for scenario A: Intermittent production (diurnal, during the 
day). 

 

Figure 4.6. Monthly (seasonal) load profile for scenario A: (diurnal, during the day). 

 

For continuous production, the load is run continuously. It is expected that the cost contribution 

of the required storage system will be justified by the extra production made possible by 

continuous operation. The daily and monthly load profile are shown in Figures 4.7. and 4.8., 

respectively. 

 

Figure 4.7. Daily load profile for scenario B: continuous pumping.  

 

Figure 4.8. Monthly load profile for scenario B: continuous pumping. 
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4.6 Methodology 

Estimation of the load requirement begins with the design of a sucker-rod pumped artificial lift 

system. The sizing begins with selection of a suitable pumping mode (stroke length, stroke per 

minute, plunger diameter and rod string design) as shown in Figure 4.9(a)., after which a 

parametric investigation is carried out to determine the effect of API rod number, pump diameter 

and pump geometry on the energy requirement of the prime mover in an artificial lift simulator 

QRod (Quick Rod). The parameters chosen from the investigation are subsequently deployed in 

another simulator PROSPER as shown in Figure 4.9(b). The well, fluid and pump characteristics 

are defined, and the design repeated in PROSPER to obtain a more robust rating of sucker-rod 

pump and appropriately size a high slip AC electric motor, the prime mover rating is shown in 

Figure 4.9(c). 

HOMER (Hybrid Optimization of Multiple Energy Resources) is the tool that is adopted for 

simulation, optimization and sensitivity analysis. Based on the selected geographical location 

(longitude and latitude), the solar, wind and temperature data are updated in HOMER. The energy 

flow between components is calculated and considering variability in weather conditions and the 

load profile, the cost of installing and operating the system over the project lifetime is estimated. 

Simulation entails that given specified conditions, the flow of energy between the components of 

the system is calculated for each time interval, to find a balance that ensures continuous and 

consistent operation, hence reliably and optimally balancing the electrical energy demand with 

supply. Optimization (deploying HOMER Optimizer ™) implies identifying the configuration 

with the best mix of renewable resources that meets the load requirements all year round at the 

least cost [21]. Since storage is adopted and the sources are 100% renewable, cycle charging is 

adopted as the power dispatch strategy, such that a producing generator runs at or close to its rated 
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maximum capacity, without producing any excess electricity; but any excess electricity generated 

is stored in the battery bank to supply the primary load when needed [22]. The battery bank serves 

as a backup to deliver power to the load below the cut in or rated speed, at night or on cloudy days. 

In Homer, feasible solutions are ranked in order of increasing net present cost, but technically any 

system with the least unmet load is considered the most reliable [23] and hence the most feasible 

solution among the available alternatives [24]. 

 

(a)  (b)     (c) 

Figure 4.9. (a) Design inputs for beam pumped well in QRod, (b) Design inputs for beam 

pumped well in PROSPER, (c) Design results showing size and power rating of pump required. 

 

4.7 Description of Proposed Renewable Power System 

From a continuous pumping load perspective, the energy consumption of the prime mover (AC 

electric motor) is 60.11 kWh/d, with a peak load of 4.55 kW. The system is designed with a 

discount rate of 8%, for 25 years and consists of solar panels (Jinko Eagle PERC60, 300W) with 

an efficiency of 18.33%, deep cycle batteries [SAGM 12 205 (12V, 219Ah)] with four (4) units 
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per string to obtain a string voltage of 48 V. A 5.5 kW system converter (battery dedicated inverter: 

Schneider Conext XW +5548) was deployed with 93% efficiency. A wind turbine with a 4.5 m 

rotor and a hub height of 12 m (AWS HC, 3.3 kW) was also selected as a secondary energy source, 

as shown in the schematic of the system in Figure 4.10. 

The system types are presented in order of decreasing system cost. The case study is considered 

sufficiently remote to justify the exclusion of the diesel generator. This approach ensures a 100% 

renewable power system mix and eliminates the need for refueling, routine maintenance, and 

servicing operations normally required for operating a diesel generator. The proposed design 

should economically exploit the solar energy, wind energy or both, with battery storage to sustain 

hydrocarbon production. 

HOMER calculates the energy flow to and from each system component, determines how to run 

the generators to consistently supply the AC electric loads and charge batteries when possible. It 

should be noted that solutions obtained from the simulations are considered infeasible either due 

to capacity shortage constraint, minimum renewable energy fraction or unmet load. The optimized 

results from HOMER are arranged by default in order of increasing cost [net present cost (NPC), 

levelized cost of energy (LCOE) and operating cost], with the least cost configuration ranking 

higher.  

Renewable energy fraction is adopted as a constraint criterion in sifting the simulation results 

considered as feasible options. Additionally, some system types may return “a feasible option with 

caution”. These will also not be considered, as such system types may experience stability 

problems due to sufficiently high renewable penetration. Addition of more storage (battery bank 

or flywheel) may be helpful, but more detailed modelling is required, which is beyond the scope 
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of this study. The system structure for diurnal pumping is shown in Figure 4.10., with a daily 

energy consumption of 32.43 kWh/d and a peak load of 4.44 kW. 

 

 

Figure 4.10. System structure optimized in HOMER with components integrated  

(For intermittent pumping). 

 

 

4.7.1 Scenario A: Intermittent Production (diurnal, during the day) 

A total of 1,204 solutions were simulated, 578 were feasible, and 626 were infeasible due to the 

capacity shortage constraint. Of the 292 omitted solutions, 123 lack a converter, 37 have an 

unnecessary converter and, 126 have no power generation source. The simulation results for 

candidate configurations for diurnal production is shown in Table 4.3(a) and 4.3(b), ranked in order 

of increasing system cost. 
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Table 4.3(a) Simulation results by system types or categories for intermittent production (diurnal, 

during the day), (b) Cost of system types for intermittent production. 

  

4.7.1.1 System type 1A 

Solar PV and battery storage. 

A solar PV generator rated 27.3 kW, 16.0 strings of battery storage and a system converter of 

4.49 kW make up this system type. The battery storage is the dominant cost component in this 

system type, accounting for 46.7% of the total system cost. The NPC, LCOE, and operating cost 

are $64,969.30, $0.4247/kWh and $1,317.93/yr. On a monthly basis, the produced electricity for 

this configuration is plotted in Figure 4.11. 

 

Figure 4.11. Monthly electricity production for system type 1A. 
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This system generates 39.009 MWh/yr of electricity of which 11.832 MWh/yr is consumed by the 

AC electric motor, and 65.9% of total generation (25.721 MWhr/yr) is excess electricity. The 

capacity factor of the solar PV generator is 16.3%. The renewable energy fraction is 100% with 

4.55 kWh/yr of unmet electric load. The system storage has a usable nominal capacity 118 kWh 

and 87.1 hours of autonomy, which is equivalent to almost four (4) days of backup time. In this 

system type, the solar PV generator is the sole energy source, with the battery serving as the backup 

at night, on cloudy days or both, as required. 

 

4.7.1.2 System type 2A 

Solar PV, wind and battery storage. 

A solar PV generator rated 26.4 kW, 1 unit of 3.3 kW of the wind turbine generator, 15 strings of 

battery storage and 4.12 kW of system converter make up this system type. The wind generator is 

the dominant cost component accounting for about 32.1% of the total system cost. The NPC, 

LCOE, and operating cost of the system are $89,512.41, $0.5850/kWh, and $1,465.86/yr 

respectively. The electricity produced by this system type is shown in Figure 4.12(a), as described 

by the cost summary plot in Figure 4.12(b)., it is worthy of note that although the wind turbine 

generator accounts for the highest cost percentage for the system, it contributes only 5,862 kWh/yr 

(19.5%) to the total electricity in a year. Hence from a cost-benefit perspective, the electricity 

output of the wind generator does not justify the cost incurred. 
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(a)       (b) 

Figure 4.12. (a) Monthly electricity production for system type 2A, (b) Cost summary for system 

type 2A showing cost contribution of system components. 

This system generates 37.756 MWh/yr of electricity of which 11.837 MWh/yr is consumed by the 

AC electric motor and, 70.4% of total generation (30.707 MWhr/yr) is excess electricity, available 

for charging the battery. The capacity factor of the wind generator is 20.3%. The renewable energy 

fraction is 100% with 0.0759 kWh/yr of unmet electric load. The battery storage system has a 

usable nominal capacity of 110 kWh and 81.6 hours of autonomy, which is equivalent to over 3 

days of backup time. Hybrid renewable generation is adopted in this system type as solar PV, and 

wind turbines are deployed as dual sources of energy. When the wind speed is below the cut in or 

rated speed, at night or on cloudy days, the excess generated electrical energy retained in the 

battery storage system is made available (after inversion) to drive the AC electric motor. 
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4.7.1.3 System type 3A 

Wind generator and battery storage. 

Four (4) units of 3.3 kW of the wind turbine generator, 20 strings of battery storage and a 3.80 kW 

of system converter, make up this system type. In this system type, the wind is the sole power 

resource, as shown in Figure 4.13., with the wind generators alone accounting for about 72.96% 

of the total system cost. The net present cost (NPC), levelized cost of energy (LCOE) and annual 

operating cost are $157,555.10, $1.03/kWh and $1,862.76/yr respectively. 

 

Figure 4.13. Monthly electricity production for system type 3A. 

This system generates 23. 446 MWhr/yr of electricity of which 11.836 MWh/yr is consumed by 

the AC electric motor and 43.6% of total generation (10.227 MWhr/yr) is excess electricity, which 

is available to charge the battery. The capacity factor of the wind generator is 20.3%. The 

renewable energy fraction is 100% with 0.669 kWh/yr of unmet electric load. The system has a 

usable nominal capacity 147 kWh and 109 hours of autonomy, which is equivalent to almost 5 

days of backup time. The wind turbine is the sole source of energy in this configuration. When the 

wind speed is below the rated speed, the battery storage system discharges, delivering its stored 

energy for artificial lift. 
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4.7.2 Scenario B: Continuous/Uninterrupted Pumping 

A total of 1,538 solutions were simulated, 739 were feasible, and 799 were infeasible due to the 

capacity shortage constraint. Of the 358 omitted, 135 lack a converter, 37 have an unnecessary 

converter, and 180 have no source of power generation. The simulation results for candidate 

configurations of continuous production is shown in Table 4.4(a) and 4.4(b), ranked from the 

lowest to the highest system cost. The system structure for continuous pumping is shown in Figure 

4.14 with a daily energy consumption of 60.11 kWh/d and a peak load of 4.55 kW. 

 

 

Figure 4.14. System structure showing integrated components in HOMER 

(For continuous pumping). 
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Table 4.4. (a) Simulation results by system types or categories for continuous production, 

(b) Cost of system types for continuous production. 

 

 

4.7.2.1 System type 1B 

Solar PV and battery storage 

A solar PV generator rated 50.8 kW, 32 strings of battery storage and a system converter of 

4.89 kW make up this system type. As in system type 1A, the battery storage is the dominant cost 

component in this system type, accounting for 54.1% of the total system cost. The NPC, LCOE 

and operating cost are $130,773.60, $0.4614/kWh, $3,163.08/yr respectively. The plot of monthly 

electricity distribution is shown in Figure 4.15. 

 

Figure 4.15. Monthly electricity production for system type 1B. 
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This system generates 72.70 MWh/yr of electricity of which 21.926 MWh/yr is consumed by the 

AC electric motor, 64.5% of total generation (46.862 MWhr/yr) is excess electricity. The capacity 

factor of the solar PV generator is 16.3%. The renewable energy fraction is 100% with 14.0 kWh/yr 

of unmet electric load. The battery storage system has a usable nominal capacity of 235 kWh and 

94.0 hours of autonomy, which is equivalent to about 4 days of backup time. In this system type, 

the solar PV generator is the sole energy source, with the battery serving as the backup at night or 

on cloudy days as required. 

 

4.7.2.2 System type 2B 

Solar PV, wind and battery storage 

A PV generator rated 50.8 kW, 1 unit of 3.3 kW wind turbine generator, 26 strings of battery 

storage and 4.67 kW of system converter, make up this system type. Unlike in system type 2A, 

here the battery is the dominant cost component accounting for about 39.0% of the total system 

cost. The NPC, LCOE, and operating cost of the system are $145,150.50, $0.5118/kWh, 

$3,056.04/yr respectively. The plot of monthly electricity production is shown in Figure 4.16. 

 

Figure 4.16. Monthly electricity production for system type 2B. 

 

This system generates 78.562 MWh/yr of electricity of which 21.940 MWh/yr is consumed by the 

AC electric motor, and 68.2% of total generation (53.598 MWhr/yr) is excess electricity, available 
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for charging the battery storage. The capacity factor of the wind generator is 20.3%. The renewable 

energy fraction is 100% with 0 kWh/yr of unmet electric load (no unmet load). The battery storage 

system has a usable nominal capacity of 191 kWh and 76.3 hours of autonomy, which is equivalent 

to over 3 days of backup time. The effect of variability in weather conditions is reduced as the 

presence of two power generation sources ensures that the unmet load and capacity storage are 

both minimized compared to system type 1B. 

 

4.7.2.3 System type 3B 

Wind generator and battery storage 

Six (6) units of the wind turbine generator, 40 strings of battery storage and a 6.54 kW of system 

converter make up this system type. The wind generators alone account for about 67.5% of the 

total system cost with net present cost (NPC), levelized cost of energy (LCOE) and annual 

operating cost of $255,376.90 $0.9011/kWh and $3,094.82/yr respectively. The plot of monthly 

electricity distribution is shown in Figure 4.17. 

 

Figure 4.17. Monthly electricity production for system type 3B. 

This system generates 35.17 MWhr/yr of electricity of which 21.922 Mwh/yr is consumed by the 

AC electric motor, and 39.4% of total generation (10.474 MWhr/yr) is excess electricity, which is 

available to charge the battery. The capacity factor of the wind generator is 20.3%. The renewable 

energy fraction is 100% with 17.9 kWh/yr of unmet electric load. The battery storage system has 
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a usable nominal capacity 420 kWh and 117 hours of autonomy, which is equivalent to almost 5 

days of backup time. For this system type, the wind turbine is the primary source of energy, while 

the battery storage system stores energy for petroleum production, when the wind speed is either 

below the cut in or rated speed. 

 

4.8 Discussion of Results 

There are several conditions that could affect the decision on the system type to be chosen as 

optimal. Several factors could play a significant role in determining the ideal system type. The 

considerations could include the peculiarities of the petroleum production environment (rural, 

urban, sub-urban), level of remoteness, the presence of additional loads (apart from the ones 

imposed on the pump due to produced hydrocarbon) and availability of cheap diesel, natural gas 

or associated gas to power an internal combustion engine. It is also important to note that in this 

design, the unmet load is the ultimate criterion in choosing between two equally feasible 

architectures and not the cost of the system alone. 

The least-cost configuration for intermittent and continuous pumping are shown in Table 4.5. 

Considering 100% renewable energy fractions with three (3) system configurations, and six (6) 

scenarios as shown in Figure 4.18. : 

- Type 1 (solar photovoltaic + battery storage), 

- Type 2 (solar photovoltaic + wind turbine + battery) storage) and 

- Type 3 (wind turbine + battery storage). 

Type 3 will be ignored in the analysis as it has the highest overall cost of the feasible system 

configurations. Considering: Intermittent pumping: (1A, 2A) and Continuous pumping: (1B and 

2B). 



131 

 

 

Figure 4.18. (a) to (e) Compares key indices for continuous and intermittent pumping for the six 

(6) 100% renewable architectures. 



132 

 

Table 4.5 Comparing least cost alternatives for Intermittent (type A) and Continuous (type B) 

pumping: system type 1 (solar photovoltaic + battery storage). 

 

Solar PV Type 1A Type 1B Unit 
Rated capacity 27.3 50.8 kW 

Mean output 4.45 8.30 kW 

Mean daily Output 107 199 kWh/d 

Capacity factor 16.3 16.3 % 

Hours of operation 4,377 4,377 hrs/yr 
PV penetration 330 331 % 

Battery  

Number 64 128 (4bt/string) 
String in parallel 16 32 Strings 

Bus voltage 48 48 V 

Nominal capacity 168 336 kWh 

Usable nominal capacity 118 235 kWh 

Energy in 3,860 15,244 kWh/yr 
Energy out 3,294 12,982 kWh/yr 

 

 

The following can be inferred from Figure 4.18. : 

(a) Scheduling the load (changing the load cycle time or the number of hours the electric motor 

prime mover is run), has no effect on which configuration type is considered optimal as 

system type 1 (solar photovoltaic + battery storage) has proven to be the least cost 

consideration, irrespective of load scheduling as shown in Figure 4.18(a). 

(b) For the least cost option, if the pumping transitions from intermittent to continuous (type 1A 

to type 1B), the change in the levelized cost of energy is negligible [Figure 4.18(b)], but the 

net present cost and operating cost of the well are increased by 101% and 140% respectively 

(by over 100%) as shown in Figure 4.18(a) and 4.18(c). 

(c) Using the electrical energy and system cost criteria to compare the performance of system 

type 1 and 2, the total production, consumption, excess electricity, unmet electricity and 
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capacity storage are all observed to increase with increase in daily pumping hours for both 

architectures 1 and 2, except for 2B (continuous pumping with solar photovoltaic, wind 

turbine and battery storage) where the levelized cost, unmet load and capacity storage reduce 

with increase in pumping hours. 

(d) It can be observed from Figures 4.18(f)., 4.18(g). and 4.18(h). respectively that (due to 

hybrid power generation), system type 2 results in a higher level of excess electricity, a lower 

amount of unmet load and lower capacity storage compared to system 1. All these advantages 

come at a premium of higher net present cost and higher levelized cost of energy). 

(e) It is important to note that continuous production with hybrid renewable power generation 

(2B) is seen to have the least amount of unmet load (0 kWh/yr) for all the system types and 

pumping configurations. Transitioning from type 1B to 2B also leads to a cut in operating 

cost of the system. 

 

In general, for both intermittent and continuous pumping schedules. Comparing system 1 and 2: 

system type 1, minimizes [net present cost, levelized cost of energy, total production, consumption 

and excess electricity], while system type 2, minimizes [unmet load, capacity storage]. 

Generally, the system cost of type 2 is significantly higher than those of type 1, but instead of 

merely considering the system cost alone, the total unmet load and unmet load fraction are jointly 

used as the ultimate criteria for selection. The hybrid generator option: type 2, will be most reliable 

and hence most preferred (type 2A for intermittent pumping and type 2B for continuous pumping). 

This makes technical and economic sense, especially in wells where the production due to the extra 

pumping hours can justify the higher system cost incurred over the life of the well. 
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Key technical indices are used to compare continuous pumping with intermittent pumping for the 

proposed system configuration, as shown in Table 4.6. 

 

Table 4.6 Proposed feasible solutions for intermittent and continuous pumping. 

Solar PV Type 2A Type 2B Unit 
Rated capacity 27.3 50.8 kW 

Mean output 4.45 8.30 kW 

Mean daily output 107 199 kWh/d 

Capacity factor 16.3 16.3 % 

Hours of operation 4,377 4,377 hrs/yr 
PV penetration 330 331 % 

Wind  

Total rated capacity 3.30 3.30 kW 

Mean output 0.669 0.669 kW 

Total production 5,862 5,862 kWh/yr 
Capacity factor 20.3 20.3 % 

Hours of operation 7,329 7,329 hrs/yr 
Wind penetration 49.5 26.7 % 

Battery  

Number 64 128 (4bt/string) 
String in parallel 16 32 Strings 

Bus voltage 48 48 V 

Nominal capacity 168 336 kWh 

Usable nominal capacity 118 235 kWh 

Energy in 3,860 15,244 kWh/yr 
Energy out 3,294 12,982 kWh/yr 

 

4.9 Sensitivity analysis 

The architectures obtained are all 100% renewable; hence daily solar radiation and average wind 

speed will be used as sensitivity variables to examine the response of the key indices (system cost 

parameters and unmet load) to maximum and minimum variations from the average value. The 

optimization process is repeated for the system architectures. The daily solar radiation varies 
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sharply from 0.93 kWh/m2/day to 6.38 kWh/m2/day, while the average wind speed varies from 

5.10 m/s to 6.32 m/s. The results are shown in Table 4.7. 

Table 4.7 Showing variation in NPC, COE and unmet load (%) due to variation in daily solar 

radiation and average wind speed. (The italicized section is the hybrid RES: type 2B). 

Solar 
Radiation 

(SR) 

Wind  
Speed 

(WS) 

Photovoltaic 
Power 

(PV) 

Wind Turbine 
Power 

(WT) 

Battery 

Strings 

(BS) 

Net Present 
Cost 

(NPC) 

Cost of 
Energy 

(COE) 

Unmet Load 
Percentage 

(Unmet) 
(kWh/m2/day) (m/s) (kW) (kW) (St) ($1,000) ($) (%) 

0.93 5.1 8.09 8 30 304 1.07 0.0494 

0.93 5.7 20.5 5 29 229 0.81 0.0546 

0.93 6.32 4.87 5 30 213 0.75 0.0583 

3.61 5.1 50.8 - 32 131 0.46 0.0636 

3.61 5.7 50.8 - 32 131 0.46 0.0636 

3.61 6.32 50.8 - 32 131 0.46 0.0636 

6.38 5.1 25.2 - 27 98 0.35 0.0797 

6.38 5.7 25.2 - 27 98 0.35 0.0797 

6.38 6.32 25.2 - 27 98 0.35 0.0797 

 

 

Figure 4.19. Optimization system type plot showing type 1 and type 2 architectures for 

respective average wind speed and daily solar radiation. 
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Figure 4.20. Surface plot showing the sensitivity of total net present cost to variations in average 

wind speed and average daily solar radiation. 

 

Figure 4.21. Optimization surface plot showing least cost combinations of solar PV generators 

(kW) and battery storage (number of strings) for the cheapest/ least cost configuration (type 1A). 

 

The results from the sensitivity analysis is shown in Table 4.7 and in the optimization system type 

plot in Figure 4.19. It can clearly be inferred that for the italicized section, below the average daily 
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solar radiation (3.61 kWh/m2/day), the hybrid renewable energy system (solar photovoltaic, wind 

turbine, and battery storage: type 2) is the most preferred architecture with the least unmet load 

percentage and highest system NPC and LCOE. Above the mean daily solar radiation (3.61 

kWh/m2/day), type 1 (solar photovoltaic and battery storage) is the preferred architecture with the 

least system cost and relatively higher unmet load than type 2. 

The sensitivity analysis from Table 4.7 and the surface plot in Figure 4.20 jointly demonstrate that 

the lowest system costs are incurred at the highest mean daily solar radiation and average wind 

speeds. But as can be inferred from Table 4.7, the unmet load percentage is also the highest. This 

can be explained by the fact that type 1 is the most feasible architecture under such conditions and 

is independent of the wind speed. 

From Table 4.7 and Figure 4.21., it can be inferred from the sensitivity analysis and the 

optimization surface plot, that the cost of the least-cost system (type 1), is minimized for 

photovoltaic systems rated at most 25.2 kW, with battery sizes of at most 27 strings. 

 𝐿𝑒𝑎𝑠𝑡 𝑐𝑜𝑠𝑡 [𝑡𝑦𝑝𝑒 1]  =  𝑎𝑡 𝑚𝑜𝑠𝑡 [25.2𝑘𝑊 𝑜𝑓 𝑃𝑉, 27 𝑠𝑡𝑟𝑖𝑛𝑔𝑠] 
Such a system is seen to settle at an estimated net present cost of $98,189.05 and a levelized cost 

of energy of $0.3465. 

 

4.10 Conclusions 

Analysis of the six (6) scenarios considered in Figure 4.18. leads to the conclusion that irrespective 

of the system architecture deployed, intermittent pumping is seen to be cheaper than continuous 

pumping for all the indices considered, and for all configurations observed except for continuous 

pumping with solar photovoltaic, wind turbine and battery storage (type 2B) for which the LCOE 
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is lower than that of type 1, and which is proposed as the most feasible configuration. Type 2B is 

chosen as the most feasible solution for continuous pumping with 0 kWh/yr of unmet load, capacity 

storage of 0.56 kWh/yr, the net present cost of $145,150.50, levelized cost of energy of $0.51/kWh 

and an operating cost of $3,056.04/yr. In this case study well and for the location chosen, although 

the hybrid renewable system (type 2) has a higher net present and higher levelized cost of energy 

than type 1, continuous pumping with solar PV, wind and battery system has been demonstrated 

to have the least unmet load and capacity storage. Hybrid generation (type 2: solar PV, wind and 

battery storage) has a very clear advantage over other configurations, as demonstrated by the 

sensitivity analysis in Table 4.7, and plots in Figure 4.18(g). and 4.18(h). This is because the 

available intermittent energy sources are harnessed economically (for both intermittent and 

continuous pumping) and are thus optimal for reliably driving the artificially lifted well. In this 

way, the battery storage system provides extra energy for petroleum production when it is cloudy 

or nighttime. 
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Chapter 5 

OPEN SOURCE IOT-BASED SCADA SYSTEM FOR REMOTE 
OIL FACILITIES USING NODE-RED AND ARDUINO 

MICROCONTROLLERS 
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This chapter achieves research objectives 4 of this thesis as stated in Section 1.3. It presents the 

open-source IoT-based SCADA system for remote oil facilities using node-red and Arduino 

microcontrollers with a focus on designing and implementing a low-cost, open-source IoT-based 

SCADA system for remote monitoring and control of oil and gas facilities using Node-RED and 

Arduino microcontrollers.  This research develops a web-based graphical user interface (GUI) 

using Node-RED for real-time visualization, data logging, and remote access to sensor data and 

control functions. This study integrates multiple sensors (temperature, flow rate, water level, 

voltage, current, position, accelerometer, distance) and actuators (motors) into the SCADA system 

for comprehensive monitoring and control of oil production processes. This study implement a 

secure remote access solution for the SCADA system using port forwarding, network address 

translation (NAT), and HTTP basic access authentication with Nginx . It evaluates the performance 

and reliability of the proposed IoT-based SCADA system in monitoring critical operational 

parameters and enabling remote control of oil production equipment. 
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Abstract 
An open-source and low-cost Supervisory Control and Data Acquisition System based on Node-

RED and Arduino microcontrollers is presented in this study. The system is designed for 

monitoring, supervision, and remotely controlling motors and sensors deployed for oil and gas 

facilities. The Internet of Things (IoT) based SCADA system consists of a host computer on which 

a server is deployed using the Node-RED programming tool and two terminal units connected to 

it: Arduino Uno and Arduino Mega. The Arduino Uno collects and communicates the data acquired 

from the temperature, flow rate, and water level sensors to the Node-Red on the computer through 

the serial port. It also uses a local liquid crystal display (LCD) to display the temperature. Node-

RED on the computer retrieves the data from the voltage, current, rotary, accelerometer, and 

distance sensors through the Arduino Mega. Also, a web-based graphical user interface (GUI) is 

created using Node-RED and hosted on the local server for parsing the collected data. Finally, an 

HTTP basic access authentication is implemented using Nginx to control the clients’ access from 

the Internet to the local server and to enhance its security and reliability. 

5.1 Introduction 

SCADA stands for Supervisory Control and Data Acquisition. It is a general term used to refer to 

groups of hardware and associated software devices that enable the supervision and control of 

operational processes, typically in manufacturing plants and industrial settings. The collection and 

https://doi.org/10.1109/IEMCON51383.2020.9284826
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aggregation of data are followed by processing, logging, and visualization of the collected data. 

The instrumentation and control of critical operational parameters in most oil and gas production 

processes are made possible by deploying field instrumentation devices such as transmitters, 

receivers, sensors, actuators, pumps, and valves. The collection of data and communication of 

corrective action to field instrumentation devices is made possible by the deployment of 

microprocessors/microcontrollers in the SCADA system. Programmable logic controllers (PLC) 

and terminal units (TUs) help to route the collected data through communication channels to the 

central SCADA computers called master terminal units (MTUs). The software on MTUs provides 

a suitable human-machine interface (HMI) for analysis, interpretation, and visualization of process 

variables. Indicators and alerts also help operators to identify and react to trigger events [1-4]. 

Traditional SCADA deployed in oil field operations is generally limited in terms of upgrading, 

programmability, and efficiency of network administration. Regular SCADA systems are also 

relatively expensive, preventing their adoption in low-flow rate wells. The SCADA architecture 

employed in this work is a fourth-generation SCADA based on the Internet of Things framework. 

By deploying software and electronics to sensors embedded in critical processes, distributed 

computing resources in the IoT-based SCADA can aggregate, log, process, and visualize the data 

collected either on-site or remotely using internet connectivity. The core of the IoT-based SCADA 

server proposed in this study is the Node-RED server deployed on a local computer [5-7]. 

 

5.2 Literature Review 

Production from oil wells driven by artificial lift is complicated and requires instrumentation, 

metering, supervision, and control. The level of fluid produced requires close monitoring to 

optimize fluid level in the tank between the upper and lower limit and hence minimize or prevent 
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leakages, spills, and environmental pollution [8]. Flowrate monitoring also helps to estimate the 

gross volume of produced fluids and to compare with flowrates recorded downhole for early 

detection of wax formation. Measurement and control of temperature at different nodes in the 

production process directly impacts the phase behavior and flow assurance of the produced fluids. 

Critical interventions, such as chemical injection, dewaxing, heating, and production adjustment, 

require temperature monitoring for flow assurance and asset integrity [9]. Industrial automation 

and IoT technology provide a sustainable, secure, and scalable alternative for low-cost monitoring, 

supervision, and control of several operational parameters in remote oil and gas operations [10-

12]. Data acquisition, data logging, aggregation, and visualization are generally required for 

making important decisions, hence the adoption of SCADA systems. 

In terms of licensing, there are two classes of SCADA, proprietary and open source system. In 

open source, the system is entirely built from scratch using modularized and often freely licensed 

applications. It is beneficial because adding and replacement of components is cheaper and more 

manageable without the need for special expertise and training. By using open standards, 

interoperability is enhanced, and the system lifecycle cost can be reduced. On the contrary, a 

proprietary or “closed” system is developed and managed by a vendor, with upgrade and 

modifications dependent on the availability of the specific vendor and the license stipulating the 

terms and conditions of service [13]. 

Although cloud server architecture is increasingly deployed for hosting, logging, aggregation, 

storage, supervision, and control of data received by embedded sensors, cybersecurity is a major 

concern, as leveraging of cloud architecture exposes the system to cyberattacks with a significant 

risk of data loss, data corruption or disruption of service [12]. This work adopts a local on-premises 

server running Node-RED for collection, aggregation, logging, monitoring, and control of data. 
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Remote access to the local server is controlled by setting up an authentication request for username 

and password. The internet protocol (IP) address of the server is also concealed from the client by 

using a reverse proxy server called Nginx. It enhances the security and reliability of the local 

server; hence by running the application on an on-premise machine, the user can take advantage 

of most of the required features of cloud-based architecture without long term subscription costs 

and reduced risk of cyberattacks [14-16]. 

 

5.3 Experimental Design of Proposed IoT-Based SCADA System 

The case study is a low flowrate oil well driven by an electric motor and powered by solar energy. 

Figure 5.1 shows the schematic of the project in the case study. The scenario consists of a single 

well artificially lifted with a jack pump. In this scenario, the produced fluid is collected and 

accumulated into a single tank. The essential nature of oil production requires continuous site 

monitoring to acquire, log, and process the data so that timely intervention can ensure continuous 

and optimal operation. 

Accurate tracking of the flowrate from the tubing and monitoring of the tank level is also needed 

for logging daily, monthly, and annual production from the well of interest. Logging and 

appropriately tracking the fluid flowrate could lead to early detection of sand and wax in the tubing. 

The temperature of the produced fluid at the wellhead and the storage tank will also need to be 

closely monitored to avoid wax formation and deposition. Maintenance planning and early fault 

detection are also considerations that justify this research for remote low flowrate oil wells. 
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Figure 5.1.  Schematic diagram of a case study showing elements of the proposed system. 

The IoT-based open source SCADA system consists of three subsystems, a master terminal unit 

and two terminal units, as shown in Figure 5.2. 

 

Figure 5.2. Schematic diagram of the proposed IoT-based SCADA System 

 

The design and implementation of the SCADA system entail hardware and software selection. At 

the subsystem level, the sensor hardware is connected to the Arduino microcontrollers through 



147 

 

base shields and breadboards; each sensor is then programmed in the Arduino integrated 

development environment (IDE). The decision to adopt two terminal units stems from the need for 

redundancy and the limitation of available input and output Arduino nodes in Node-RED. 

In terms of read/write capability of the Arduino pins, Node-RED can manage digital and analog 

input and outputs, PWM, and servo over the Arduino pins via the use of both Firmata protocol and 

serial communication. The design methodology is to develop a web application that serves as both 

a dashboard and a graphical user interface (GUI), enabling an operator to remotely read, log, and 

monitor field sensor conditions on the web.  

 

5.4 Implementation Methodology 

The proposed SCADA system consists of a master terminal unit (MTU) and two other terminal 

units (TUs). Each instrumentation device is connected to the terminal units (Arduino 

microcontrollers) through base shields and breadboards. The Arduino microcontrollers collects the 

data and messages; acting as clients to the master terminal unit, which aggregates and processes 

the received data as a host. The USB connection is adopted as the communication channel between 

MTU and TUs. Serial communication is used in the Arduino Uno, while the Arduino Mega 

microcontroller implements the Firmata protocol in its firmware. Standard Firmata is used on the 

Arduino Mega for the connected accelerometer, distance, position, voltage, and current sensors. 

Therefore, using the Firmata protocol, the Node- RED application on the host server is able to 

interact with the Arduino Mega and hence directly access the respective pins of the Arduino Mega, 

altering the state, mode, and reading the desired signals from the connected sensors. The design 

methodology is to develop a web- based application that serves as a human-machine interface 
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(HMI) for visualization and enables an operator to remotely read, log, and monitor field sensor 

conditions over the Internet. 

5.4.1 Master Terminal Unit (MTU) 

The MTU is a local server that hosts the Node-RED application. It also logs and aggregates the 

sensor data. In addition to the dashboard, a graphic user interface is also hosted on the MTU for 

real-time visualization. The MTU controls and influences the operation of the terminal units, which 

are directly connected to the field instrumented devices (sensors, actuators, and on-site display). It 

logs, aggregates, and publishes sensor data from the IoT devices onto a web interface for 

visualization and interpretation. 

5.4.2 Terminal Units (TUs) 

The Arduino microcontrollers used in this work are both connected to the host server on the 

computer via a USB port. The Arduino microcontrollers model or represent the field-deployed 

terminal units. Arduino Mega is used as the first terminal unit (TU1). In this subsystem, the 

voltage, current, rotary, accelerometer, and distance sensors are all connected to the Arduino mega 

and read on the local server through Node-RED using Firmata. Also, the motors are controlled 

through Node-RED using Arduino nodes and Firmata. Arduino Uno is used as the second terminal 

unit (TU2). In this subsystem, an Arduino sketch is uploaded to read the fluid level, flowrate, and 

temperature sensors’ values connected to the Arduino Uno, display them on the on-site LCD, and 

send them to the Node- RED local server via the serial port connection. 

5.4.3 Voltage Sensor Module 

The sensor uses the principle of a voltage divider to measure an input source voltage. Due to its 

simple design, the voltage sensor is low-cost, an output voltage (Vout) from 0 to 5V is produced 

and supported by the Arduino. In this work, the signal pin (S) of the voltage sensor is connected 
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to the analog pin A9; the plus and minus sign pins are connected to the 5V and GND pins, 

respectively on the Arduino. GND and the input pins of the sensor are connected in parallel across 

the output of the solar panel to measure the PV output voltage. 

5.4.4 ACS 723 Hall-Effect current sensor 

ACS 723 is a high precision current sensor that is economical and fully integrated. The principle 

of “Hall-Effect” is employed. Such that when a single supply voltage VCC of (4.5 to 5.5V) is 

applied across the inputs: IP+ and IP- (copper conduction path), a resulting current flow is 

produced, which generates a magnetic field. The magnetic is sensed by the Hall-effect IC to 

produce a proportional current. 

Hence there is electrical isolation between the sensed circuit and the sensing circuit. A high-power 

sensed circuit arrangement with either DC or AC sources is thus compatibly sensed by a low power 

sensing circuit. The two input pins: VCC and GND of this sensor are connected in series to the solar 

panel, while the output signal is read from the analog pin A10 on the Arduino Mega. 

5.4.5 Rotary Position Sensor 

The rotary sensor turns continuously and hence behaves like a potentiometer. It is also called the 

shaft encoder, enabling the precise measurement of motors’ rotation, with less temperature drift 

and higher precision. The rotary sensor used in this work produces an analog signal value based 

on the angular displacement or motion of the shaft with an output voltage range from 0 to 5V DC. 

It is used as a position monitoring device in this work. The VCC and the GND pins of this sensor 

go to the supply and ground of the Arduino Mega respectively, and the output signal is read by the 

analog pin A8 of the Mega. 
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5.4.6 ADXL335 Accelerometer 

The accelerometer works on the principle of the piezoelectric effect. The ADXL335 is a low cost, 

low power, and highly integrated 3-axis accelerometer that measures both static and dynamic 

acceleration. Static acceleration is the acceleration due to gravity, which enables the device to be 

used as a tilt sensor, hence enabling the device to detect free fall and measure tilt. In contrast, 

dynamic acceleration results from motion, vibration, or shock. In this work, the output signals are 

analog voltages from three pins X, Y, and Z, which are proportional to the acceleration and directly 

integrated with the analog pins A13, A12, and A11, respectively. 

5.4.7 SharpIR GP2Y0A21YK0F Distance Sensor 

The Sharp infrared sensor is a low-cost distance measuring sensor unit of the analog output type. 

It is an integrated unit that combines an infrared emitting diode with a position-sensitive detector 

and signal processing unit. The detectable distance for this sensor ranges from 10 - 80cm. This 

device can also be used as a proximity sensor and outputs a voltage corresponding to the detection 

distance. The VCC and GND pin of this sensor is connected to the supply and ground of the 

Arduino Mega, respectively, while the Vout signal is read by the analog pin A7 of the Mega. 

5.4.8 DC Motor 

The prime movers on the Arduino Mega (controller 1) are two DC gear motors. They are connected 

to the Arduino Mega via the Arduino motor shield, which models the variable frequency drive as 

implemented. The Arduino motor shield REV3 is based on the L298P motor controller chip and 

contains a dual full-bridge driver. The base shield has an operating voltage range of 0.5-12V and 

is powered by a 9V regulated power supply from the DC solar panel. The shield provides a suitable 

hardware interface between the Arduino mega and the DC motors for independent direction 
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control, speed control, and braking. The pins D3, D9, and D12 of the Arduino Mega are used for 

driving Motor A, and the pins D8, D11, and D13 of the Arduino Mega are used for driving Motor B. 

5.4.9 Fluid Level Sensor 

The Grove fluid level sensor is a low power sensor that adopts the principle of capacitance and 2, 

8-bit microcontroller units: ATTINY1616 MCUs. It consists of capacitive pads embedded on a 

printed circuit board and sealed to be completely waterproof. It measures the water level up to 10 

cm. The analog input from the capacitors is converted into a digital signal by three (3) comparators 

It communicates over the I2C bus of the Arduino and is typically deployed in water level sensing 

applications. VCC and the GND pins of this sensor go to the supply and ground of the Arduino Uno, 

respectively, and I2C serial communication is used. 

5.4.10 Flowrate Sensor 

The YF-S401 is a low-cost fluid flow sensor with a flow range of 0.3-6 L/min. It consists of a Hall-

effect sensor and a fluid rotor enclosed in a plastic valve casing. Fluid flowing through the rotor 

causes a magnetic rotor to spin. The resulting rotating magnetic field cuts across a solenoid wire, 

causing a current flow and producing a voltage at the terminals of the Hall-effect sensor. The 

resulting voltage is proportional to the rate of flow of fluid across the rotor and hence serves as a 

suitable measure of flowrate. The output pulse width signal of the sensor is connected to the 

microcontroller. The signal output pin is connected to the digital pin D3 and is programmed to 

trigger the interrupt 1 on the Arduino Uno to calculate the flowrate. 

5.4.11 Temperature Sensor 

The Grove temperature sensor V1.2 is used in this research. It has an operating voltage range from 

3.3 to 5V and detects from -40 to 125ºC. The ambient temperature is detected by the chip. The 

resistance of a thermistor will decrease when the ambient temperature increases. This relationship 
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is useful for predicting the ambient temperature with an accuracy of ± 1.5ºC and is suitable for the 

application. Vout signal is read by the analog pin A0 of the Arduino Uno. 

5.4.12 Liquid Crystal Display (LCD) 

The LCD is used as a local display to show the temperature value. It is connected to the Arduino 

Uno via the I2C bus. The LCD is useful for reading and displaying temperature value on-site. Also, 

the flowrate and the water level can be displayed here. 

5.4.13 Microcontroller 1 (Arduino mega) 

The first terminal unit (TU1) is essentially Arduino Mega with Firmata through serial port 

connection to the Node-RED installed on the local server computer. The voltage, current, rotary 

encoder, accelerometer, and distance sensors are read by the microcontroller making five (5) field 

instrumented devices connected to TU1, as shown in Figure 5.2. Besides, the two motors, A and 

B, are connected to the Arduino Mega via a motor shield and are controlled through Node-RED. 

5.4.14 Microcontroller 2 (Arduino Uno) 

The second terminal unit, TU2, is an Arduino Uno with serial port connection to the Node-RED 

running on the local server. Four field instrumented devices are connected to TU1, including three 

sensors (temperature, flow, level) and a liquid crystal display (LCD). The advantage of using the 

serial connection in TU2 is that it permits the creation and execution of functions in the Arduino 

IDE, allowing for complex computations to be executed within the code and only the desired 

outputs printed over the serial ports. 

 

5.5 Node-RED IoT Platform on the Local Server 

The flow of data between interconnected devices is implemented in Node-RED, a web-based 

programming tool. By wiring nodes together, JavaScript objects and functions are created, flows 
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are built and instantly deployed in Node-RED which consists of a node.js- based runtime. The 

graphic user interface (GUI) is also available in Node-RED and contains a dashboard with logs 

and charts for visualization of sensor data in real-time [14, 15]. The design methodology is to 

provision the web server on the local computer and make it accessible from the Internet, hence 

client requests to the Node-RED application running on the webserver are transferred from the 

external IP address, and port of the router to the internal IP address and port of the local server 

(port forwarding) and server responses are in turn transferred from the webserver to the router 

(network address translation, NAT) and on to the respective client. Hence port forwarding is 

implemented by mapping the internal IP address/port of the server to that of the router. This option 

exposes the Node-RED server on the Internet for remote access. After that, a basic access 

authentication is implemented using Nginx. Nginx requires the internet client to provide a 

username and password before access to the Node-RED on the server is granted hence improving 

the security, as shown in Figure 5.3 [17, 18]. The process flows for position, current, voltage, 

accelerometer, fluid level, flowrate, temperature, as well as electric motor controls and distance 

sensors are shown in Figures 5.4 to 5.9, respectively. 

 

Figure 5.3. NGINX client access authentication page when logging in to the server. 



154 

 

 

 

 

Figure 5.4. Process flow for the Position sensor. 

 

 

 

Figure 5.5. Process flow for the current and voltage sensor. 

 

 

Figure 5.6. Process flow for the accelerometer. 
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Figure 5.7. Process flow for the fluid level, flowrate and temperature sensor. 

 

Figure 5.8. Process flow to control motors A and B. 

 

 

Figure 5.9. Process flow for the distance sensor 

 

5.6 Experimental Setup /Results 

The experimental setup of the IoT-based SCADA hardware circuit is shown in Figure 5.10. The 

Arduino Mega and Uno are connected to the computer via USB ports. In this experimental setup, 

all the sensors, motors, and display are laid out according to Figure 5.2. 
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Figure 5.10.  Experimental setup of the proposed IoT-based SCADA system 

 

The results are shown by subsystems as follows: 

5.6.1 Subsystem 1 

The dashboard for sensors connected to Arduino Mega is shown in Figures 5.11 and 5.12. The 

dashboard for this subsystem includes gauge and chart outputs for current, voltage, distance, 
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accelerometer and rotary position sensors. In this work, the user interface shows the received 

sensor data, both as a gauge and a chart. 

 

Figure 5.11. Charts and gauges for current, voltage, and distance sensors. 

 

 

Figure 5.12. Charts for accelerometer, charts, and gauges for the rotary position sensor. 

 

5.6.2 Subsystem 2 

 The dashboard for the sensors on Arduino Uno is shown in Figure 5.13. It is available in Node-

RED as a web GUI that updates or responds in real-time. The user interface shows the sensor data 

both as a gauge and a chart. It shows the water level, flow rate, and temperature readings. 
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Figure 5.13. Charts and Gauges for water level, flowrate, and temperature sensor. 

 

5.6.3 Subsystem 3 

 Figure 5.14. shows the dashboard panel to control motors A and B connected to Arduino Mega’s 

motor shield. This dashboard uses Arduino nodes in Node-RED and Firmata on the microcontroller 

to start and stop the motors. 

 

Figure 5.14. Dashboard panel to control motors A and B 
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5.7 Discussion 

Monitoring of the oil well site parameters such as flowrate from the producing well and comparing 

it with the speed of the electrical motor is imperative to diagnose problems in an actual producing 

well. When the speed of the electric motor is high, and the flow rate of the produced fluid is 

declining, based on the thresholds set, it could be an indicator of fluid pound, gas lock, rod failure 

or wear and tear in the subsurface rod pump. It could also point to sand production at the producing 

interval or issues in reservoir production. Early-onset of flow assurance problems such as wax and 

paraffin formation could also be detected by tracking and monitoring the behavior of the voltage 

and current drawn by the electric motor and mapping trends, which could be further corroborated 

with flow rate and cross- referenced with downhole temperature and pressure gauges. When the 

IoT devices are mounted on an actual 3D model and the data acquired is logged and integrated 

appropriately, these sensor trends could be aggregated into historical data and analyzed for 

prediction of failure or monitoring production performance. 

 

5.8 Conclusion 

A low-cost IoT-based SCADA system is presented in this work; the Arduino Mega and Uno 

microcontrollers are deployed as terminal units to communicate with and aggregate data from a 

total of eight (8) sensors, namely the water level, flowrate, temperature, current, voltage, distance, 

rotary position, and accelerometer sensors. The electric motor and the LCD on-site display are also 

transducers whose operation and outputs are controlled by the MTU through the terminal units. 

Designing and securely architecting networks that interconnect these field instrumented devices in 

the industrial Internet of Things framework is required for remote sensing, instrumentation, and 

control of critical field parameters. 



160 

 

5.9 Future Work 

This research provisioned a server instance on a local computer which hosts both the Node-RED 

application and graphic user interface on its web browser. In the future, the authors intend to build 

the Node- RED application as a cloud-native application in IBM Watson. The role of the rotary 

encoder will also be expanded beyond simple monitoring to automated speed control of the electric 

motor for direct regulation of motor speed and indirect control of fluid production rate. Email alerts 

and notification will also be adopted. In terms of security; port forwarding and basic authentication 

were used in this research, secure sockets layer (SSL) will be further adopted in to encrypt HTTP 

connection to HTTPS, ensuring that responses to client requests are redirected to a secure version 

of the Node-RED application running on the provisioned server. The intent is to ultimately mount 

the sensors on a 3D model of a sucker-rod pump and use the sensor readings in combination with 

artificial intelligence and machine learning to calibrate a digital twin. 
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Chapter 6 

DESIGN, DYNAMIC MODELLING, SIMULATION, AND 
CONTROL OF A SOLAR-POWERED SUCKER ROD OIL PUMP 
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resilience of the model to varying environmental and operational conditions is demonstrated by 

integrating actual historical weather data to account for the variation in ambient temperature and 

solar irradiance in the dynamic modelling and simulation. The results demonstrate stable, reliable, 

and optimal operation as key performance indicators including solar PV power, bus voltage, 
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rod pump system are visualized in the model. 
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Abstract 
The sucker rod pump is a crucial artificial lift system widely deployed in the oil industry to extract 

crude oil from producing wells. Accurate modelling of the sucker rod pump has become essential 

as a viable strategy for optimizing performance, and ensuring both efficient and economic 

operation. This paper presents a comprehensive methodology for the design, dynamic modelling, 

simulation, and control of a solar-powered sucker rod oil pump. It combines load modelling of 

the sucker rod pump using SolidWorks with design, dynamic modelling, simulation, and control 

of the solar microgrid in Matlab’s Simscape and Simulink. The model seamlessly integrates the 

mechanical and electrical systems with 100% renewable energy to power the sucker rod pump 

system. This approach combines the solar photovoltaic system, battery charge control system, 

battery energy storage system, step-up transformer, and the squirrel cage induction motor, which 

serves as the electric motor prime mover. The surface pump model is first developed in 

SolidWorks and then converted to Simscape. The rating of the pump is then implemented as a 

load in the solar-powered electrical microgrid. Environmental conditions such as solar irradiance 

and ambient temperature for summer and winter are obtained from data repositories and included 

in the modelling and analysis of the overall system performance; demonstrating stable operation, 

robustness, and resilience to changing environmental and operational conditions. 

6.1 Introduction 

As global energy demand continues to increase, the oil and gas industry ironically continues to 

suspend, orphan, and abandon oil wells at an alarming rate due to technical, policy, and 

environmental reasons [1]. The increasing demand to reduce the energy footprint of producing 

wells is compounded by the leakage of methane and other potent greenhouse gases from idle and 

inactive wells [2]. Electricity cost constitutes a significant part of the overheads incurred in 
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producing wells and with these wells sufficiently remote from the electric grid, onsite generation 

of 100% renewable energy presents a promising opportunity to invest in solar and wind energy 

microgrids, providing the energy required to restore these inactive oil wells to production while 

investing in distributed generation from 100% renewable energy powered microgrids [3]. This 

ensures that the landowners continue to earn lease revenue, and well operators remain in business, 

sustaining the income for site operators, tax revenue for the government, and employment for 

engineers; when production from these legacy wells is sustainably restored. It also reduces the 

carbon footprint of these idle wells, as restoring them to production curtails the unintended 

emissions from the well [4]. Over 50% of all oil wells worldwide have an artificial lift system 

installed. Approximately 40% use the sucker rod pump as shown in Figure 6.1. It accounts for 

approximately 500,000 beam pumps worldwide [5], hence the selection of sucker rod pump (SRP) 

artificial lift technology for this study given its widespread use in the oil industry 

 

Figure 6.1. The sucker rod pumping system [6]. 
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The Canadian province of Alberta has historically been one of the largest oil producers in Canada. 

Still, the province’s upstream oil and gas sector reportedly contributed substantial methane 

emissions, accounting for approximately 70% of Alberta’s emissions in 2014 [7]. The scale of 

Alberta’s petroleum industry is evident in its vast number of registered wells, which exceeds 

470,000 in 2024 [8]. Among these, a considerable number—around 155,000—are currently 

inactive, awaiting either reactivation or permanent decommissioning and land reclamation. More 

specifically, the Petrinex Alberta Public Data database indicates that about 81,000 wells in the 

province are classified as suspended [9]. The surface location of inactive petroleum wells in 

Alberta, Canada is given in Figure 6.2. 

 

    Figure 6.2. Surface location of inactive petroleum wells in Alberta, Canada [9]. 
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The cost of orphaned well clean-up in Canada is estimated to reach $1.1 billion by 2025 [10], 

hence with the growing energy demand and the regulatory requirement to reduce the carbon 

intensity of the Canadian upstream oil and gas sector, the adoption of renewable energy is gaining 

attention to reduce the impact of oil production on the electrical grid and mitigate the associated 

cost of electricity required to pump the aging wells [11, 12]. The feasibility of combining PV with 

diesel for powering oil wells is considered in [13]. In previous research by the author, the technical 

and economic feasibility of using 100% renewable energy in powering inactive wells was 

examined [14]. The goal of this study is to model a sucker rod pump as a load and incorporate its 

rating in designing, modelling, and controlling a 100% solar-powered microgrid. The electric 

motor prime mover in Simscape is driven by a 100% solar-powered microgrid consisting of solar 

PV arrays, a charge controller, battery storage, a 3-phase inverter, a transformer, and a 3-phase 

squirrel cage induction motor. 

6.2 Objectives 

The objective of this paper is to develop a model-based simulation of the solar-powered sucker 

rod pump’s behavior, allowing for the identification of opportunities for efficiency optimization at 

each subsystem. The study decouples the microgrid into subsystems, supporting efficiency 

enhancements and performance improvement across the entire system from solar PV source to 

electric motor load. The work supports adaptation to various environmental and operating 

conditions, so the system behavior can be analyzed and potential issues identified and addressed 

before prototyping and real-world implementation. The study incorporates load modelling from 

SolidWorks and Simscape into the Simulink model, providing a realistic representation of the 

actual system, and leading to more representative simulation results. The robust approach 

combines mechanical (SolidWorks) and electrical (Simscape) models which are crucial for 
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designing effective controls for the sucker rod pump. The study begins with load modelling of the 

sucker rod pump system, utilizing SolidWorks for geometry development and translating to a 

Simscape model in capturing the functional mechanical and electrical characteristics of the pump. 

This is followed by the Solar PV array source design and modelling, including panel 

configurations, charge controller, power inverter, and step-up transformer for conditioning the 

inverter output to the load requirements. Energy storage system modelling incorporates a battery 

storage model to address the intermittent nature of solar power and ensure consistent and reliable 

operation of the oil pump. The control system for the microgrid is designed and implemented to 

optimize power flow, manage battery state of charge (SOC), and ensure efficient pump operation. 

Extensive simulations under various environmental conditions are performed to evaluate system 

behavior and stability. The design is iterated to improve overall system performance and reliability. 

6.3 System Description 

A process flow diagram of a typical sucker rod pump-driven artificial lift system is shown in Figure 

6.3. It typically consists of a prime mover; a hydrocarbon-powered internal combustion engine 

(chemical to mechanical energy) or an electricity-powered, balanced, 3-phase, squirrel cage 

induction motor. The rotational energy from the prime mover is converted by the crank mechanism 

of the sucker rod into vertical rectilinear reciprocating motion, providing a push motion in the 

down stroke and a pull motion in the upstroke, effectively pumping produced fluids to the surface, 

where it is collected, stored, separated or piped downstream. A typical sucker rod pumping system 

consists of several key components, each playing a critical role in the overall operation. The 

surface unit includes the prime mover, gearbox, walking beam, pitman arms, and horsehead; which 

interact to convert rotational motion into the reciprocating motion needed to drive the rod string. 

The rod string itself is a series of connected steel or fiberglass rods that transmits this motion to 
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the downhole pump, which includes the pump barrel, plunger, and valves responsible for lifting 

the fluid to the surface [5] where it is collected, separated, piped and stored accordingly as shown 

in Figure 6.3. 

 

Figure 6.3. Beam pump system operation and process workflow. 

6.4 Methodology 

The integration of electrical power supply, power electronics, and mechanical system models 

within a single simulation environment enables a comprehensive analysis of the system’s behavior 

as shown in Figure 6.3 . This approach allows for the simulation of various operating scenarios 

and the deployment of optimal control strategies for different conditions. This paper builds on the 

foundation of previous SolidWorks and Simscape computer-aided design modelling of sucker rod 

pumps, by developing a detailed model of a sucker rod pump using these advanced simulation 

tools. The modelling approach encodes the kinematic equations of the walking beam, rod string 

stress analysis and dynamic load calculations into the surface pumping unit model in Simscape 

multibody. The gear ratio equations, transmission efficiency and mechanical loss behavior are 

integrated into the gearbox and gear reducer subsystem, while the rod string subsystem, pump 

displacement equations, fluid dynamics models, pressure and flow calculations are integrated into 
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the subsurface pump and downhole tubing subsystem. The voltage equations, frequency 

specifications, and power ratings of the 3-phase electrical supply source subsystem are defined by 

the equivalent circuits of the 3-phase, 100% solar power source which drives the squirrel cage 

induction machine model. The rotor and stator equations, electromagnetic torque equations, speed-

torque characteristics, and machine parameters (resistance, inductance etc) are integrated into the 

Simscape model of the squirrel cage induction motor. The oil well powered by a sucker rod pump 

is modeled as a mechanical load to the squirrel cage induction motor prime mover. Overall, the 

integrated model in Simscape uses appropriate blocks from the Simscape library: Simscape 

foundation library, Simscape electrical, and Simscape multibody. 

6.4.1 Methodology for Modelling Sucker Rod Pump in Solidworks and Simscape  

The geometric model of the sucker rod pump developed and adapted from SolidWorks model is 

converted to Simscape multibody model using the Simscape multibody link plugin. This process 

enabled the authors to integrate the CAD assembly with other systems for simulation and analysis 

in the MATLAB/Simulink environment [15]. The conversion process begins with installing the 

Simscape multibody link plugin for SolidWorks, the SolidWorks assembly is developed and then 

exported to an XML file and the corresponding geometry files using the plugin [16]. The XML 

file is then imported into MATLAB/Simulink to create a Simscape multibody model [17]. The 

exported model preserves important properties from the SolidWorks assembly: Mass, inertia, and 

center of gravity of parts are automatically transferred [17]. Assembly topology and constraints 

are converted to appropriate joints and constraints in Simscape. The 3D geometry of parts is 

preserved in the simulation model [17]. This workflow allows for system-level simulation and 

optimization, integrating mechanical components with electrical, hydraulic, and control systems. 

It reduces the need for physical prototypes by enabling virtual testing and validation. The authors 
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refined component designs based on accurate system-level requirements [15]. When creating 

SolidWorks models intended for export, the authors followed certain best practices to ensure clean 

conversion to Simscape, as they map to specific joint types in Simscape multibody [18]. CAD 

models from Solidworks are converted in Simulink to Simscape multibody flowcharts using the 

smimport function, which utilizes XML files to recreate and approximate the original model. The 

conversion process occurs in two stages: export, where the CAD assembly is converted to XML 

and geometry files, and import, where these files are transformed into a Simscape multibody model 

and M-data file [19]. The resulting model obtains all input parameters from the data file, enabling 

an accurate representation of the original CAD model in Simulink as shown in Figure 6.4. 

 

Figure 6.4 Converting CAD to Simscape Model [20]. 
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In SolidWorks, the process of creating assemblies relies heavily on the use of mates and constraints 

to define relationships between components [21]. These elements are crucial in determining how 

parts interact within the assembly, influencing their relative positions and movements [22]. By 

accurately defining these relationships, the author ensured that components fit together properly 

and behave realistically, which is essential when transferring the assembly to simulation 

environments like Simscape multibody [23]. The precise definition of these connections is vital 

for maintaining design intent and ensuring the assembly functions as intended in both virtual and 

physical contexts [22]. The transition from SolidWorks to Simscape multibody involves converting 

mates and constraints into equivalent joints and constraints within the simulation environment 

[24]. This conversion process is critical, as different types of SolidWorks mates correspond to 

specific joint types in Simscape. For example, a concentric mate in SolidWorks might be translated 

into a revolute joint in Simscape.               

The accuracy of the conversions directly impacts the fidelity of the simulation results, influencing 

the model’s behavior under various conditions [25]. Well-constrained models not only facilitate 

more efficient system-level simulations but also enhance the overall reliability of the analyses 

performed in Simscape [22]. Smooth transition of models from SolidWorks to Simscape multibody 

is ensured by carefully considering and applying appropriate mates and constraints. This 

thoughtful approach preserves the intended mechanical relationships and behaviors, leading to 

more accurate simulations and analyses. The quality of the original SolidWorks model, including 

well-defined mates and constraints, directly correlates with the functionality and accuracy of the 

resulting Simscape multibody model. This attention to detail in the initial design stages 

significantly enhanced the overall effectiveness of subsequent simulations and analyses. The 

foundational SolidWorks model for this research was adapted from earlier work by [26], which 
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presents a SolidWorks model designated as a crank balance, clockwise, “conventional” beam pump 

(“C”), with “double-gear” reduction (“D”), maximum torque capacity of 228,000 inch-pounds (in-

lbs.), maximum polished rod load of 17,300 pounds (lb), and maximum stroke length of 74 inches. 

 

6.4.2 SolidWorks Model of Sucker Rod Pump 

Pumping Unit Mechanism: The SolidWorks model includes detailed representations of the surface 

unit components as shown in Figure 6.5. Figure 6.6 shows the Mechanics Explorer view of a 

Simscape multibody model. 

 

Figure 6.5 CAD Simulation of Surface Unit. 
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(a) (b) 

Figure 6.6. Resolved Simscape model showing joints and interactions. 

(a) Rigid bodies. (b) Degree of freedom 

 

Figure 6.6a shows the rigid body elements exported from SolidWorks. The model elements are 

SuckerRodPumpAssembly3 which is the main assembly of the sucker rod pump. 

Balancing_arm_1_RIGID is a counterbalanced arm, consisting of the horse head and walking 

beam as shown in Figure 6.7. Frame_and_motor_1_RIGID is the pump’s frame, saddle bearing, 

Samson post, and motor assembly as shown in Figure 6.8. Shaft_1_RIGID is a shaft component 

connecting the counterbalanced arms as shown in Figure 6.9. Arm_1_RIGID, and Arm_2_RIGID 

are the left and right crank and counterweight, rigid bodies representing pump arms as shown in 

Figures 6.10 and 6.11. Arm_link_1_RIGID is made of rigid link connecting arms consisting of the 

equalizer, equalizer bearing, and pitman as shown in Figure 6.12. Pin_1_RIGID is a pin which 

provides a fulcrum for the Con_rod_1_RIGID which is a connecting rod to the sucker rod string 

as shown in Figure 6.13. Slider_1_RIGID is the Sucker rod string mechanism. 



175 

 

Sumpump_body_1_RIGID is the main body of the downhole submersible pump, consisting 

mainly of the pump barrel, and standing and travelling valves as shown in Figure 6.14. 

Figure 6.6b shows the degree of freedom and the mechanical dependency of the rigid bodies from 

the SolidWorks CAD to the Simscape software environment. The “Mechanism Configuration” 

defines how the part behaves in a mechanism or assembly. The “World” is the global coordinate 

system reference. “Cylindrical” (1–5) are cylindrical geometric features or constraints. “Planar” 

(1–2) are planar surfaces or constraints. “Prismatic” represents a linear motion constraint or 

feature. “Revolute” (1–4) are rotational motion constraints or features. “Transform” defines the 

part’s position and orientation while “Connection Frames” are points for connecting to other parts 

in an assembly. This model represents a structured approach for sucker rod pump simulation, 

allowing for detailed analysis of surface equipment and downhole pump. Its comprehensive nature 

makes it a valuable tool for oil production engineers and operators in designing, analyzing, and 

troubleshooting sucker rod pumping systems. 

 

The representation of the subsystem components is defined in (a), (b) and (c) as follows: 

(a) Three Dimensional Computer Aided Design (3D CAD) representation of Sucker rod 

component from Solidworks visualized in the Mechanics Explorer tool in Matlab. 

(b) Simscape block equivalent of Solidworks component showing the force inputs “F”. 

(c) Sub-component resolution to fundamental blocks showing coordinate transformations and 

force relationships in the system. 
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6.4.3 Subsystem Level Modelling for Surface Unit  

 

(a) (b)     (c) 

Figure 6.7. Balancing arm (Balancing_arm_1_RIGID): A counterbalanced arm, consisting of the 
horse head and walking beam. (a) 3D model of Balancing Arm (b) Simscape block equivalent of 
Balancing Arm showing the force input and outputs (c) Sub-component resolution of Balancing 
Arm with fundamental blocks showing coordinate transformations and force relationships in the 
system.

 

(a) (b)     (c) 

Figure 6.8. Frame and motor (Frame_and_motor_1_RIGID): The Samson post, pump’s frame, 
and motor assembly. (a) 3D model of Samson post, pump’s frame, and motor assembly (b) 
Simscape block equivalent of Samson post, pump’s frame, and motor assembly showing the force 
input and outputs (c) Sub-component resolution of Samson post, pump’s frame, and motor 
assembly with fundamental blocks showing coordinate transformations and force relationships in 
the system.  
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(a) (b)     (c) 

Figure 6.9. Shaft 1 rod (Shaft_1_RIGID): A shaft component. (a) 3D model of shaft Rod (b) 
Simscape block equivalent of shaft rod showing the force input and outputs (c) Sub-component 
resolution of Shaft Rod with fundamental blocks showing coordinate transformations and force 
relationships in the system.  

 

 

(a)        (b)    (c) 

 

Figure 6.10. Arm 1. Arm_1_RIGID (Arm 1): A Crank and Rotary counterbalance Arm (first). (a) 
3D model of a crank and rotary counterbalanced arm (b) Simscape block equivalent of crank and 
rotary counterbalanced arm showing the force input and outputs (c) Sub-component resolution of 
crank and rotary counterbalanced arm with fundamental blocks showing coordinate 
transformations and force relationships in the system. 
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(a)       (b)     (c) 

Figure 6.11. Arm 2 (Arm_1_RIGID, Arm_2_RIGID): Rigid bodies representing pump arms: 
Crank and counterweight. Arm_2_RIGID (Arm 2): A Crank and Rotary counterbalance Arm 
(second). (a) 3D model of the crank and rotary counterbalanced arm (b) Simscape block 
equivalent of the crank and rotary counterbalanced arm showing the force input and outputs (c) 
Sub-component resolution of the crank and rotary counterbalanced arm with fundamental blocks 
showing coordinate transformations and force relationships in the system. 

 

(a) (b)     (c) 

 Figure 6.12. Arm link 1 RIGID (Arm_link_1_RIGID):A rigid link connecting arms consisting of 
the equalizer, equalizer bearing, and pitman. (a) 3D model of an arm link (b) Simscape block 
equivalent of arm link showing the force input and outputs (c) Sub-component resolution of arm 
link with fundamental blocks showing coordinate transformations and force relationships in the 
system 



179 

 

 

(a) (b)    (c)  

Figure 6.13. Pin 1 rod (Pin_1_RIGID): A pin joint. Pin 1 rod (Pin_1_RIGID): A pin fulcrum for 
the connecting rod. (a) 3D model of a pin fulcrum (b) Simscape block equivalent of pin fulcrum 
showing the force input and outputs (c) Sub-component resolution of pin fulcrum with 
fundamental blocks showing coordinate. 

 

  

Figure 6.14. Down hole pump rigid (sumpump_body_1_RIGID): The main body of the sump 
pump. (a) 3D model of the main body of the subsurface pump (b) Simscape block equivalent of 
the subsurface pump showing the force input and outputs (c) Sub-component resolution of the 
subsurface pump with fundamental blocks showing coordinate transformations and force 
relationships in the system. 
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6.4.4 Detailed Analysis of Model-based Subsystems 

(i) Prime Mover: A balanced 3-phase induction motor is modeled in Simscape electrical machines. 

The Squirrel cage induction motor model uses an asynchronous machine squirrel cage 

(fundamental) block from the Simscape electrical library to represent the balanced 3-phase 

induction motor. The induction motor was modeled first in Simscape electrical and then modeled 

again to simulate integration with the overall circuit in Simscape Power systems, the initial 

parametrization of the induction motor has been included in Figure 6.15a based on a previous work 

by the authors in [27], while the full motor parameters and nameplate data are presented in Table 

6.8. The equivalent circuit parameters for the squirrel cage induction motor are presented in Figure 

6.15a and the squirrel cage induction motor model and its integration into the sucker rod pump 

system is presented in Figure 6.15b. 

The Squirrel cage induction motor is a common choice for most sucker rod pumps due to its 

robustness, efficiency, and ability to handle the cyclic loading characteristic of these systems [5]. 

The three-phase supply (ports a1, b1, c1) represents the three-phase power input to the motor, which 

is standard for industrial applications due to its efficiency and smooth power delivery [5]. The wye 

configuration (ports a2, b2, c2) connected to electrical reference (ground), is common in oil field 

applications as it provides a good balance of voltage and current characteristics [27]. Mechanical 

output (port R) is connected to the gearbox, providing the rotational mechanical power to drive the 

pumping unit. Case connection (port C) connected to the mechanical rotational reference, 

represents the motor’s fixed mounting, which is crucial for proper torque transfer 

(ii) Gearbox and Gear Reducer System 

This system is modeled in Simscape multibody. It receives input angular velocity from the prime 

mover and outputs torque to the sucker rod pump. If the angular velocity of the mating gear is 
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constant, then n, d and T are the gear speed, diameter, and the number of teeth, while 1 and 2 are 

the driver and driven gears respectively [29]. Gear ratio =  𝜔1𝜔2 =  𝑛1𝑛2  =  𝑑2𝑑1  =  𝑇2𝑇1      (i) [39] 

 

 

(a) (b)  

Figure 6.15. (a) Equivalent circuit parameters, (b) Three-phase electric motor in Simscape 

An equivalent representation of the Simscape model of the gearbox subsystem for a sucker rod 

pump is shown in Figure 6.16a. Gearbox block represents the physical gearbox in a sucker rod 

pumping unit. In actual systems shown in Figure 6.16b, the gearbox (also called speed reducer) is 

crucial for converting the high-speed, low-torque output of the prime mover (electric motor) into 

the low-speed, high-torque input required by the crank [5]. The gearbox uses a worm gear 

arrangement for its high reduction ratio, enabling it to handle the cyclic loading characteristic of 

sucker rod pumps. Port S represents the input shaft connection from the prime mover, while Port 
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O stands for the Output shaft connection to the crank. The rotational multibody interface serves as 

an interface between the 1D rotational domain (gearbox) and the 3D multibody domain (pumping 

unit mechanism). It is essential for accurately translating the rotational motion and torque from the 

gearbox to the rest of the pumping unit model. Port W is the angular velocity input, while T is the 

torque input, R is the rotational frame connection, and C is the connection to the 3D multibody 

system (which represents the Crank). The spring-damper icon models some compliance and 

damping in the connection, which is important for capturing the dynamic behavior of the system. 

Mechanical rotational reference provides a fixed reference frame for the rotational components, 

essential for defining the absolute motion of the system [30, 31]. 

Key aspects of this model are power transmission, speed reduction, the interface between domains, 

and power transmission for dynamic behavior. The model accurately represents the power flow 

from the prime mover through the gearbox to the pumping unit mechanism. This is crucial for 

analyzing the efficiency of power transmission and the loads on various components for speed 

reduction. At the same time, the gearbox model allows for the simulation of speed reduction, which 

is vital in sucker rod pump operations [5]. As an interface between domains, the rotational 

multibody interface is a sophisticated element that bridges the gap between simplified one-

dimensional rotational dynamics and complex three-dimensional multibody dynamics. This is 

crucial for accurately simulating of the entire system and for studying the dynamic behavior. The 

inclusion of compliance and damping (represented by the spring-damper icon) allows for the 

modelling of dynamic effects such as torsional vibrations, which can be significant in sucker rod 

pumping systems [32]. 

The gearbox output directly influences the motion of the sucker rods and downhole pump. Accurate 

modelling here is essential for predicting downhole pump behavior. The gear ratio affects pumping 
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speed, which directly impacts fluid dynamics in the downhole pump and wellbore. The gearbox’s 

performance influences load distribution along the entire rod string, affecting stress on downhole 

components and proper gearbox modelling is crucial for optimizing overall system efficiency, 

including downhole pump performance. 

   

(a) (b) 

Figure 6.16. (a) Gearbox and gear reducer system, (b) Gear reduction    [29] 

 

(iii) Sucker rod surface pumping unit: Correlating each element to its physical counterpart, 

a detailed analysis of the Simscape model of the sucker rod pump and rod string system is shown 

in Figure 6.17. Correlating each element to its physical counterpart, “World” and “Transform” 

blocks establish the global reference frame and coordinate transformations, essential for accurately 

positioning components in 3D space. Frame_and_motor_1_RIGID represents the pump’s 

structural frame and prime mover (a 3-phase electric motor). This is the foundation of the surface 

equipment. Revolute joints (Revolute, Revolute1, Revolute2, Revolute3) simulates the rotational 

connections in the pumping unit, such as Crank-Frame connection, Crank-Pitman connection, 

Pitman-Walking beam connection, Walking beam-Stand connection, Arm_2_1_RIGID, 

Arm_1_1_RIGID,  Arm_link_1_RIGID represent the pump arms: crank and counterweight, and 

rigid link connecting arms consisting of equalizer, equalizer bearing, and pitman. 
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Balancing_arm_1_RIGID simulates the counterweight system, a counterbalance arm, consisting 

of the horse head and walking beam, which balances the sucker rod string load and reduces peak 

torque requirements. Cylindrical joints (Cylindrical, Cylindrical1, Cylindrical2, Cylindrical3, and 

Cylindrical4) represent connections that allow both rotational and translational motion, such as 

where the pitman connects to the crank and walking beam. Planar and Planar1, Planar2 constrain 

motion to a plane, used to ensure components move in the correct 2D plane of the pumping unit. 

 

Figure 6.17. Model of Surface pumping unit (connected to Gearbox and Gear reducer system). 
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The prismatic joint represents a sliding connection, simulating the motion of the sucker rod string 

within the tubing. Shaft_1_RIGID represents the polished rod, which connects the surface 

equipment to the sucker rod string. Pin_1_RIGID represents a connection point, where the horse 

head connects to the walking beam. Con_rod_1_RIGID represents the bridle (wireline hanger), 

bridle block, and carrier bar, which connect the horse head to the polished rod. Slider_1_RIGID 

represents the polished rod that translates translational reciprocating motion from the surface to 

the downhole pump. Sumpump_body_1_RIGID represents the main body of the pumping unit, 

providing structural support [30, 33]. 

(iv) Subsurface pump and downhole tubing  

In analyzing the Simscape model of the downhole pump of the sucker rod pump system, each 

element is correlated to its physical counterpart in a downhole pump setup as shown in Figure 

6.18. 

 

Figure 6.18. Model of Submerged Pump Barrel Assembly [27]. 
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During the upstroke, the standing valve opens as the plunger moves up, creating a pressure 

differential that allows fluid to enter the pump barrel from the reservoir. Simultaneously, the 

travelling valve closes, allowing the fluid above it to be lifted towards the surface. On the down 

stroke, the standing valve closes to prevent fluid from flowing back into the reservoir. The 

travelling valve opens, allowing fluid to pass through the plunger, positioning it for the next 

upstroke. This operation closely mirrors the actual functioning of sucker rod pumps as described 

in the literature [5].  

This Simscape model provides a comprehensive representation of the sucker rod pump’s operation, 

allowing simulation of various operating conditions, ensuring robust analysis of pump 

performance, and optimizing production parameters. The model effectively considers the key 

dynamics of a sucker rod pumping system. However, it is important to note that while this model 

captures many essential aspects of beam pump operation, real-world complexities such as gas 

interference, sand production, or complex fluid behaviors in the wellbore are beyond the scope of 

this model. 

 

(a)  
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Figure 6.19. Visual representation of the operating principles of a sucker rod pump.  

(a)The pump stroke cycle of the downhole pump. (b)Load/displacement dynamics 

6.4.5 Methodology for Modelling Solar-powered sucker rod oil pump 

The methodology for modelling a solar-powered sucker rod pump combines the estimated load 

rating of the sucker rod pump from previous work by the author in [14], with the subsequent 

feasibility study on optimal sizing, technical and economic analysis of a renewable power system 

for a remote oil well [27]. A renewable energy microgrid consisting of a solar-powered sucker rod 

oil pump is designed, modeled, simulated, and controlled in Simulink/Simscape. The selected site 

is near Medicine Hat, a city in Southeast Alberta, Canada. Latitude 5002’32” N and longitude 

110048’49” W. Like most of the Prairies, there is an abundance of idle and inactive wells that have 

been suspended, orphaned, and abandoned in this area, most of which are significantly remote and 

do not have access to the power grid. Typical solar irradiation for the area is 3.61 kWh/m2/day, the 

average estimated daily electrical demand is 2.59 kW, with a peak demand of 4.44 kW [27]. 
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6.5 PV System Design 

The schematic of the proposed system is presented in Figure 6.20. It consists of the Solar PV array, 

DC/AC inverter, battery storage, and the induction motor, with an associated step-up transformer 

for voltage transformation. In the previous research by the author [27], the technical and economic 

feasibility of sizing a 100% solar-powered system with battery storage was extensively studied in 

hybrid optimization of multiple energy resources (HOMER Pro) software. 

 

Figure 6.20. Schematic diagram of the proposed system 

The conclusion from comparing various scenarios with continuous and intermittent pumping 

configurations using several criteria including net present cost, levelized cost of energy, total 

production, consumption, and excess electricity, is that continuous pumping with hybrid 

generation (solar PV, wind and battery storage) has the least unmet load and capacity storage with 

0 kWh/yr of unmet load, capacity storage of 0.56 kWh/yr, a net present cost of $145,150.50, a 
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levelized cost of energy of $0.51/kWh and an operating cost of $3056.04/yr; while intermittent 

pumping configuration with solar PV and battery system with 4.55 kWh/yr of unmet load, capacity 

storage of 11.70 kWh/yr, a net present cost of $64,969, a levelized cost of energy of $0.425/kWh 

and an operating cost of $1318/yr. Intermittent pumping with solar PV and battery system will be 

the chosen configuration for further design in this research because considering production from 

inactive oil wells (suspended and idle), the unmet load for the solar PV and battery system can be 

suitably accommodated in the pumping schedule as a trade-off to the significantly reduced cost in 

comparison to the solar PV, wind and battery storage system. Hence the solar PV and battery 

system would be adopted for powering the remote oil well. The system proposed by the author in 

[27] comprises a 27.3kW Solar PV array, and battery bank, comprising 64 units of deep cycle 

batteries, of 16 strings and 4 batteries per string. A system converter rated 4.49 kW and a load 

dispatch of cycle charging is implemented, implying that the primary load (electric motor) receives 

supply first and the excess generation goes to charge the battery bank. The elements and parameters 

of the solar PV supply are defined in Table 6.1, as defined in the previous design and feasibility 

study by the authors [27]. 

Table 6.1 Solar microgrid source. 

Component Name Size 

PV Jinko eagle PERC60 27.3 kW 

Storage Deep cycle batteries, SAGM (12 V, 219Ah) 64 units (16 strings) 

System converter Schneider (Conext XW + 548) 4.49 kW 

Dispatch Cycle charging  
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To analyze the system performance, robustness, and resilience under different environmental 

conditions, the average solar irradiance data obtained in January for winter and June for summer 

are extracted from the open-source Canadian Weather Energy and Engineering Climate (CWEC) 

data at [34] from the official website, and the average hourly daily temperatures are also available 

from [35, 36]. This research makes a novel contribution in considering the response of the system 

to varying environmental factors and changes in operational conditions, by performing parallel 

simulations of the key performance indicators for a “representative” or sample winter and summer 

months, January for winter and June for summer. The average solar irradiance and temperature 

data for summer and winter are respectively given in Tables 6.2 and 6.3. The plot of the hourly 

solar irradiance data is presented in Figure 6.21a,b. 

 

Table 6.2. Average solar irradiance and temperature data for winter at Medicine Hat [34, 35] 

Time (Hrs) Irr (W/m2) Temp (Deg. C) 

1 0 −7 

2 0 −8 

3 162 −8 

4 752 −8 

5 1239 −7 

6 1548 −6 

7 1657 −6 

8 1558 −5 

9 1260 −6 

10 781 −7 

11 198 −8 

12 0 −9 
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Table 6.3. Average solar irradiance and temperature data for summer at Medicine Hat [34, 36] 

Time (Hrs) Irr (W/m2) Temp (Deg. C) 

1 0 10 

2 138 10 

3 785 10 

4 1513 12 

5 2236 15 

6 2904 19 

7 3472 22 

8 3900 23 

9 4160 25 

10 4234 25 

11 4117 25 

12 3817 27 

13 3354 27 

14 2760 27 

15 2075 27 

16 1347 27 

17 624 26 

18 60 24 

19 0 21 

 

Considering the data available from Tables 6.2 and 6.3 and the plots in Figure 6.21a,b, and scaling 

the data accordingly for 1 h ≡ 1 s for simulation, we can infer that there is significantly higher 

average hourly irradiance and correspondingly higher temperatures for the chosen location in the 

summer months than in winter. 

Figure 6.22 shows the equivalent circuit diagram for the design, dynamic modelling, simulation, 

and control of a solar-powered sucker rod oil pump. The same system equivalent circuit design 

and model are adopted for summer and winter, with the output power wholly dependent on the 
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daily solar irradiance and ambient temperature as shown in Tables 6.2 and 6.3, and Figure 6.21. 

The block diagram of the proposed system is shown in Figure 6.23. 

       

(a)      (b) 

Figure 6.21. Sample average daily solar irradiance and temperature data for Medicine Hat for 

winter and summer respectively. (a) Sample winter data (January). (b) Sample summer data (June)

 

Figure 6.22. Circuit diagram showing subsystems modeled to achieve 100% microgrid 



193 

 

 

Figure 6.23. Block diagram of proposed solar PV microgrid 

6.5.1 Solar PV System 

 The solar photovoltaic system consists of several modules combined in required numbers and 

configurations to generate sufficient direct current power from the solar irradiance received. To 

attain the required power configuration, the PV modules could be connected in series to form 

strings, this leads to an increase in the resulting voltage, while the current remains the same. 

Multiple strings could also be connected together to form solar PV arrays, leading to an increase 

in current while the voltage remains the same. There are several types of solar cells for PV systems, 

and this affects the behavior, performance, and efficiency of the resulting PV array. Environmental 

factors such as the ambient temperature and solar irradiance also affect the performance of selected 

modules as shown by the Current-Voltage (I–V) and Power-Voltage (P-V) curve of the 60-cell, 

300W PV module in Figure 6.24. 

The PV cells selected for this study are Passive Emitter and Rear Contact (PERC), a new 

technology designed to achieve a (1–2)% higher energy conversion efficiency, due to the added 

dielectric passivation layer on the cell’s rear. To determine the I-V and P-V characteristics curve, 

the PV cell’s output current 𝐼𝑃𝑉  is given by Kirchhoff’s current law as Equation (2). 
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 𝐼𝑃𝑉 = 𝐼𝑝ℎ − 𝐼𝐷  −  𝐼𝑠ℎ =  𝐼𝑝ℎ − 𝐼𝑂 [exp {𝑞(𝑉𝑃𝑉+𝑅𝑠𝐼𝑃𝑉)𝑛𝑘𝑇 } −  1] − (𝑉𝑃𝑉+𝑅𝑠𝐼𝑃𝑉)𝑅𝑠ℎ  (2) 

 

Where  𝐼𝑝ℎ, 𝐼𝐷  and 𝐼𝑠ℎ represent photogenerated current which increases with light intensity, 

diode current that accounts for internal recombination losses and leakage current across shunt 

resistance of parallel paths respectively.  𝐼𝑂 is the reverse saturation current, 𝑛 is the diode ideality 

factor, 𝑞 is the elemental charge, 𝑘, Boltzmann constant, 𝑇, absolute temperature (K), where,  𝑅𝑠 

and 𝑅𝑠ℎ are series resistance (preferably very small) and shunt resistance (preferably very large) 

as shown on the equivalent circuit of the solar PV cell in Figure 6.25. 

 

Figure 6.24. Output power and current of the PV versus voltage  

 

Figure 6.25. Equivalent circuit model of single PV cell 
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To obtain the required DC bus voltage (48V) and the target power of the array (27.3kW), we 

consider the number of parallel strings and the number of series-connected modules per string. 

Each 60-cell solar panel has a voltage at a maximum point 𝑉𝑚𝑝𝑝   of 32.6V, sufficient for reliably 

charging a 24V battery system, which needs over 30V to charge. The system uses two 60-cell solar 

panels connected in series. Given a PV rating of 27.3kW, and a maximum power per module of 

300W. The total number of solar PV panels required is theoretically 27.3kW divided by 300W 

which equals 91. Using an average of 24V per panel and series-connected modules per string  𝑁𝑠 

of 2 (panels in series), we have a minimum series voltage (𝑉𝑖𝑛−𝑚𝑖𝑛) of 48 volts, and given  𝑉𝑚𝑝𝑝  

of 32.6, we get a maximum series voltage (𝑉𝑖𝑛−𝑚𝑎𝑥  ) of ~66V. The range of output voltage for the 

PV system is thus (48-66) V. Given 2 series-connected modules per string and 91 panels, the 

number of parallel string pairs  𝑁𝑝 will be 91 divided by 2, which is ~ 46. Given a PV rating of 

27.3kW, and a minimum series voltage (𝑉𝑖𝑛−𝑚𝑖𝑛 ) of 48.  

From the Array specifications in Figure 6.26, we can infer that the theoretical maximum power 

that can be reliably extracted from the solar PV array is given by Equation (3) [37]: 

 𝑃𝑚𝑝𝑝 = (𝑁𝑝 × 𝐼𝑚𝑝𝑝) × (𝑁𝑠 × 𝑉𝑚𝑝𝑝)     [37] (3) =  (46 ×  9.21)  × (2 ×  32.6)  ≈  27.6 𝑘𝑊 = 𝑇𝑜𝑡𝑎𝑙 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑑𝑢𝑙𝑒𝑠 ×  𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑃𝑜𝑤𝑒𝑟 𝑝𝑒𝑟 𝑚𝑜𝑑𝑢𝑙𝑒 =  (46 ×  9.21) × (2 ×  32.6) ≈  27.6 𝑘𝑊 

 

The Solar PV array design specifications for modelling are given in Figure 6.26. The parameters 

for the design and sizing of the Solar PV source are presented in Table 6.4. 
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Figure 6.26. Solar PV array design specifications for modelling 

Table 6.4 Solar PV System Parameters 

 

 

 

 

 

 

 

System Parameters Ratings Unit 

Module Peak Power of a Single Module (𝑃𝑚𝑝) 300.25 W 

Module Open Circuit Voltage (𝑉𝑜𝑐) 40.1 V 

Module Short Circuit Current ( 𝐼𝑠𝑐) 9.72 A 

Module Voltage at MPP (𝑉𝑚𝑝) 32.6 V 

Module Current at MPP  (𝐼𝑚𝑝) 9.21 A 

Array Peak Power (𝑃𝑚𝑝) 27.6 kW 

Array Open Circuit Voltage ( 𝑉𝑜𝑐) 80.2 V 

Array Short Circuit Current ( 𝐼 𝑠𝑐) 447.12 A 

Array Voltage at MPP  (𝑉𝑚𝑝) 65.2 V 

Array Current at MPP  (𝐼𝑚𝑝) 423.66 A 
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6.5.2 DC-DC Buck Converter 

DC-DC converters are essential components in photovoltaic systems, acting as intermediaries that 

optimize power transfer through impedance matching. These devices enable maximum power 

point tracking by dynamically adjusting their duty cycles, allowing the system to operate at its 

most efficient point on the current-voltage characteristic curve. The buck converter stands out as 

a particularly effective topology when DC voltage reduction is needed between source and load. 

This makes it especially suitable for systems where PV module output voltage exceeds battery 

charging requirements as in this design. From Figure 6.27, when the switch activates, the output 

capacitor begins charging, the inductor regulates the current flow, creating a controlled charging 

process, and the capacitor voltage rises gradually throughout each switching cycle. This 

configuration enables efficient voltage step-down while maintaining stable output characteristics, 

making it ideal for renewable energy applications where precise voltage control is crucial for 

system performance. The bus voltage is 48V, and the range of output voltage for the PV system is 

(48-66) V hence a buck converter is required. Where 𝑉𝑖𝑛−𝑚𝑖𝑛 and 𝑉𝑖𝑛−𝑚𝑎𝑥  are minimum and 

maximum input voltages, 𝑉𝑜𝑢𝑡 and 𝐼𝑜𝑢𝑡 are output voltage and currents, 𝑓 is the switching 

frequency, and 𝑉𝑖𝑛  is the sample input voltage. Given the transfer function of a Buck converter 

from [38] where 𝑉𝑜𝑢𝑡 = 48𝑉, 𝑉𝑖𝑛 = 66𝑉, minimum input capacitance used 𝐶𝑖𝑛 =  4740𝜇𝐹, 

minimum inductor value is  𝐿𝐵𝑢𝑐𝑘 = 17.319𝜇𝐻, while the output capacitance 𝐶𝑂𝑢𝑡 =  5924.48𝜇𝐹.  The output voltage is held constant at 48V, while the input voltage from the PV 

array at MPPT  ~ 66V. The equivalent circuit diagram of the buck converter design is shown in 

Figure 6.27. The parameters for the design and sizing of the charge controller implemented as a 

DC-DC buck converter are presented in Table 6.5. 
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Figure 6.27. Equivalent circuit of Buck Converter for charge control and MPPT 

implementation. 

 

Table 6.5 Buck Converter System Parameters 

System Parameters Ratings Unit 

Input Voltage at MPPT (𝑉𝑖𝑛) 66 V 

Frequency (𝑓) 5 kHz 

Buck Inductance (𝐿𝐵𝑢𝑐𝑘) 17.32 μH 

Buck Capacitance (𝐶𝐵𝑢𝑐𝑘) 4740 μF 

Output Capacitance (𝐶𝑜𝑢𝑡) 5924.48 μF 

Output Voltage  for bus (𝑉𝑜𝑢𝑡) 48 V 

 

6.5.3 MPPT Charge Control 

Environmental factors such as shading, cloudiness, dust, snow accumulation, solar irradiance, 

ambient temperature, and operational conditions such as varying load impedance, battery charging 

conditions, and PV system configuration (string vs array) directly influence the power that can be 
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extracted from the solar PV array relative to the voltage across its output. A maximum power point 

charge controller is deployed to dynamically adjust the system’s operating point on the P-V curve 

in order to extract maximum power from the solar PV source, required to drive the sucker rod 

pump and charge the battery. The MPPT algorithm varies the duty cycle of the DC-DC buck 

converter, hence changing the effective impedance of the load across the buck converter. This 

adjusts the voltage of the solar PV source and ultimately controls the output power the array 

delivers. The Perturb and Observe (P&O) method operates by making small, deliberate 

adjustments to the PV array’s operating voltage and monitoring the resulting power output 

changes. The controller systematically modifies the voltage in discrete steps, analyzing how each 

change affects the array’s power production as seen in Figure 6.28. 

 

          Figure 6.28. MPPT controller using perturb and observe (P&O) algorithm 

This iterative process is shown in Figure 6.29 and continues, with the system adjusting the voltage 

either upward or downward, until it identifies the optimal operating point where maximum power 

extraction occurs. 
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Figure 6.29. Flow chart and representation of perturb and observe (P&O) algorithm for MPPT 

The algorithm deployed in Simscape maintains this exploration pattern, constantly fine-tuning the 

operating point to ensure the PV array delivers its peak performance despite varying environmental 

conditions. The representation of the P&O algorithm for MPPT in Simscape is shown in Figure 

6.30. 
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Figure 6.30. Perturb and observe algorithm with MPPT strategy in Simscape 

 

6.5.4 Battery Energy Storage System (BESS)   

The battery energy storage system consists of a total of 64 lead-acid batteries, made up of 4 

batteries per string, grouped as 16 strings of lead-acid batteries, and the DC-DC buck converter 

serves as the battery charge controller. The battery stores excess electricity during periods of high 

PV power output and augments the system when there is a shortfall in generated power due to 

adverse environmental and operating conditions. Given the capacity per battery is 219 Ah, the 

rated capacity for 16 strings is 219 *16 = 3504 Ah. 

The total amount of energy that the battery bank can store and release under optimal conditions 

is given by the nominal capacity, and for 64, 12 V batteries of 219 Ah current capacity, the nominal 

capacity is 64*12*219 = 168,192 VAh or 16.192 kWh. The rated current capacity is nominal 

capacity divided by bus voltage (16.192 kWh/48 V) = 3504 Ah. The parameters for the design 

and sizing of the battery energy storage system (BESS) are given in Table 6.6 and Figure 6.31. 

The equivalent circuit for modelling the BESS is presented in Figure 6.32. 
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Table 6.6 BESS parameters. 

Battery bank data Ratings Unit 

Number 64 (4 bt/string) 

Strings in parallel 16 Strings 

Bus voltage 48 V 

Nominal capacity 168 kWh 

Usable nominal capacity 118 kWh 

Energy in 3860 kWh/yr 

Energy Out 3294 kWh/yr 

 

 

Figure 6.31. Design specifications of BESS 

 

Figure 6.32. Equivalent circuit of battery energy storage system 
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6.5.5 Power Conditioning System 

The power conditioning system consists of a 3-phase inverter for converting the DC from the solar 

PV source to alternating current in the charging cycle during the day, and for converting stored DC 

battery power into AC during the discharging cycle at low irradiance. A three-phase two-winding 

transformer also transforms the low voltage, high current inverter output, into a high voltage, low 

current output, suitable for the three-phase squirrel cage induction motor. To relate the DC bus 

voltage to the AC line-to-line voltage output, we use the formula: 

𝑚 × 𝑉𝐷𝐶√2 = V𝐿−𝐿(𝑟𝑚𝑠)        (4) 

The step-up transformer has a voltage transformation ratio (𝑉1𝑉2) of 30/460 and the line-to-line rms 

voltage, hence the RMS inverter output voltage V𝐿−𝐿(𝑟𝑚𝑠) =  𝑚 × 0.7071 × 𝑉𝐷𝐶, assuming 

modulation index is m = 1.0. The inverter system has a bus input voltage of ~48V, 

 V𝐿−𝐿(𝑟𝑚𝑠) = 0.7071*48 = 33.84V. 

To supply the power required by the electric motor, a step-up transformer of 7 kVA, and a primary 

to secondary voltage ratio of 30/460 at 60 Hz are selected and deployed. The equivalent circuit for 

modelling the power conditioning system is presented in Figure 6.33a. The parameters for the 

design and sizing of the power conditioning system are given in Table 6.7 and Figure 6.33b. 
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(a) 

  

(b) 

Figure 6.33. An equivalent circuit of a power conditioning system for the induction motor load. 
(a) Equivalent circuit of a power conditioning system. (b) Design parameters 

 

Table 6.7. Power conditioning system parameters. 

Power Conditioning System Parameters Ratings Unit 

Primary Voltage (𝑉1) 30 V 

Secondary Voltage (𝑉2) 460 V 

Frequency (𝑓) 60 Hz 

RMS Line-to-Line Voltage V𝐿−𝐿(𝑟𝑚𝑠) 33.84 V 

Nominal Power 7 kVA 

Modulation index, m (assumed) 1  
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6.5.6 Mechanical Waveform Input 

The mechanical torque profile of the induction motor is defined by the sinusoidal waveform shown 

in Figure 6.34. It defines the parameters for the pump torque profile as per unit. The pump operates 

in a cyclic motion to lift oil from the subsurface. The torque requirement of the motor 

fundamentally varies throughout each stroke cycle due to the higher torque needed to lift the fluid 

column in the upstroke and the lower torque required in the down stroke as gravity assists the 

motion. The mechanical torque function block 𝑇𝑚 simulates the mechanical input torque for the 

balanced operation of the motor, accounting for the impact of the counterbalance weights in the 

up-stroke, hence the waveform is symmetrical. 

 

Figure 6.34. The waveform of mechanical torque requirement of Squirrel cage induction motor 

6.5.7 Load System. 

The electrical motor system is a three-phase, squirrel cage, induction motor that operates at a line-

to-line voltage of 460 volts receiving power from the solar PV system and driving the mechanical 

load of the sucker rod pump. The theoretical peak load is 4.44 kW. Considering the output 

mechanical power of the squirrel cage induction motor type AEEAFP (067R50) from [39] rated 

7.5 hp, 1110 full load rpm, at a frequency of 60 Hz, with power factor of 0.83 and full load current 
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and efficiency of 10 A and 83.5% respectively. The full load torque is 35.4 lb-ft at nominal power 

Pn (kVA) rating is (7.5*0.7457)/(0.83) = 6.74 kVA, with a safety factor (SF) of 1.15. Number of 

poles p = 120*f/Ns = (120*60)/1200 = 6 poles (3 pole pairs). The parameters for the sizing of the 

3-phase squirrel cage induction motor are given in Table 6.8. 

Table 6.8 Nameplate of 3-phase induction motor parameters 

Motor Parameters Ratings Unit 

Line-to-line Voltage 460 V 

Full Load Current 10 A 

Peak Load 4.44 kW 

Rated Power 7.5 hp 

Full load speed 1110 rpm 

Full load torque 35.4 lb-ft 

Efficiency 83.5 % 

Power factor 0.835  
Safety factor 1.15  

 

The peak power available to the squirrel cage induction motor load = 0.835 (7.5*0.7457) = 

4.67kW, which is sufficient to drive the sucker rod pump load of peak load 4.44kW. The equivalent 

circuit of the electric motor load system is presented in Figure 6.35. 

 

Figure 6.35.  Equivalent circuit of the squirrel cage Induction motor prime mover. 
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6.6 Analysis of Results 

The simulation examines system performance under changing environmental conditions. The 

impact of solar irradiance in W/m2 and the ambient temperature in degrees Celsius are simulated. 

The location of interest is an idle well in the town of Medicine Hat in Alberta, Canada as presented 

in a previous work by the authors [27]. As expected in the northern hemisphere, the average hourly 

solar irradiance, average hourly temperature and the length of daytime solar exposure is generally 

higher in summer than in winter. Using June as a sample summer month in Medicine Hat, it is 

shown to have longer daytime hours and higher levels of solar irradiance, with warmer 

temperatures. In comparison with January taken as a sample winter month which is observed to 

have shorter hours and lower levels of solar irradiance, at lower temperatures. The impact of 

weather and environmental fluctuations on the system’s effectiveness is carefully studied and 

presented in Figures 6.36 – 6.40. Key measured parameters reveal that overall system performance 

remains robust and satisfactory during steady-state operation, with momentary deviations staying 

within design parameters. 

(a)       (b)  

Figure 6.36. Solar PV voltage, current, and power. (a) Summer. (b) Winter 
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The maximum power point tracking system implemented with the solar PV source continuously 

monitors the incremental changes in the power generated and compares with the incremental 

voltage changes, ensuring that the maximum power is being received by the electric motor and the 

excess power generated is provided to charge the battery energy storage system. This is achieved 

by effectively matching of the source to load impedance and facilitating maximum transfer of 

power from the solar PV source to the load. As environmental parameters shift, the tracker 

identifies new optimal operating points, supplying the power needed to provide the needed motor 

torque and maintain optimal performance despite the fluctuating power availability from the solar 

PV array. This ensures that sufficient charging current is delivered to the energy storage system to 

maintain the bus voltage. As shown in the state of charge from Figure 6.37, at low solar irradiance, 

the battery supplies the energy required to sustain production and drains, while during the day, it 

charges, while the load receives the energy required to sustain production. 

From Figure 6.37, the current, voltage and power of the battery energy storage system are steady, 

predictable and consistent with the expected behavior for steady state operation. Considering state 

of charge, in summer it increases gradually from ~75% to ~90% over 19 s, while winter shows 

similar upward trend from ~75% to ~85% over 12 s. Considering current and voltage stability, 

both seasons show relatively stable current oscillating around ±2 × 105 A, voltage 

remains consistent around 60–80 V in both cases. Winter profile shows slightly less fluctuation 

in both parameters. The power fluctuates between approximately −2 × 107 to 2 × 107 W. The plot 

shows similar power profiles between seasons though winter shows marginally less variation, 

both maintain consistent power delivery despite seasonal differences. Although summer profile 

runs longer (19 s vs 12 s), winter shows slightly more stable parameters with less fluctuation, 

winter also achieves lower maximum SOC (~85% vs ~90%) and demonstrates marginally better 



209 

 

parameter stability overall. This comparison suggests the battery system maintains reliable 

performance across seasonal variations, with winter operation showing slightly more stable 

characteristics despite shorter operating duration. 

(a)       (b) 

(c) 

Figure 6.37. Battery state of charge (SOC%), current, voltage, and power for battery energy 
storage system. (a) Summer. (b) Winter. (c) Battery parameters (higher resolution) 



210 

 

 

The pulsating direct current (DC) power supply (from the solar PV system and the battery backup) 

is converted to alternating current (AC) by the three-phase inverter system and the sinusoidal line 

voltages and line currents received by the three-phase squirrel cage induction motor are given in 

Figure 6.38a,b, respectively. 

     

(a)      (b)  

Figure 6.38. Similar sinusoidal load current and voltage IRYB, VRYB for summer and winter. 

(a) Sinusoidal load voltage VRYB. (b) Sinusoidal load current IRYB. 

 

The active and reactive power of the induction motor in summer and winter is presented in Figures 

6.39 and 6.40. The load is observed to have significant reactive power demand. Comparing Figures 

6.39a and 6.40a, summer is observed to have more pronounced variations in its real power demand 

compared to winter and comparing Figures 6.39b and 6.40b, summer also shows periodic sharp 

transitions in the reactive power demand. 
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(a) (b) 

Figure 6.39. Similar real and reactive power demand for winter.  

(a) Real power demand. (b) Reactive power demand 

 

 

(a) (b) 
Figure 6.40. Similar real and reactive power demand for summer.  

(a) Real power demand. (b) Reactive power demand 

 

Per unit torque and speed characteristics of the 3-phase squirrel cage induction motor are given in 

Figure 6.41. The system reaches a relatively stable operating point after the initial transient period. 
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The persistent torque oscillations indicate mechanical system dynamics due to the sucker rod load 

fluctuations. 

 

Figure 6.41. Similar torque and speed characteristics for summer and winter 

 

From the analysis of incorporating the representative solar irradiance and temperature data for 

the location, the design ensures that the required load current and voltage are sustained, 

irrespective of environmental fluctuations, and the real power from the solar PV array and battery 

storage is demonstrated to be sufficient to drive the load and charge the battery. It can be inferred 

that the lower power output anticipated due to reduced irradiance levels for winter is 

compensated for by the improved semiconductor efficiency at cold temperatures. 

Correspondingly, higher energy generation due to increased irradiance and longer days in 

summer are counterbalanced by temperature-induced efficiency losses during peak heat periods. 

The results of the simulations indicate that the Simscape/Simulink model provides a detailed 

representation of sucker rod pump dynamics. Simulating mechanical and electrical microgrids 

within a single framework, this offers significant advantages for understanding and optimizing 
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pump performance. The integration of summer and winter irradiance and temperature data in the 

analysis provides a clear indication of the system’s performance under various environmental 

and operational conditions. The MPPT battery charge control strategies further enhances the 

model’s capability to optimize performance under varying load conditions, while the energy 

storage system ensures the load demands can still be met at lower irradiance levels and durations. 

The integrated model of the solar powered sucker rod pump is presented in Figure 6.42, showing 

the various subsystems modeled in this research work. The comprehensive system model for an 

oil well pumping system, integrates electrical, mechanical, and hydraulic components in a single 

unified design. The schematic diagram emphasizes the power transmission path from electrical 

input through mechanical systems to the final pumping action. Although the subsurface pump 

and downhole tubing subsystem are included in the schematic, analysis and visualization of the 

metrics in this subsystem is beyond the scope of this research. 

 

Figure 6.42. Schematic diagram of integrated sub-systems in model-based simulation 
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6.7 Conclusion 

The integrated design, modelling, simulation, and control of a solar-powered sucker rod oil well 

within a single simulation environment offers significant advantages for understanding and 

optimizing sucker rod pump systems. This comprehensive study focuses on developing an 

integrated model for solar-powered sucker rod pumps, integrating both mechanical and electrical 

subsystems to optimize overall performance. The research employs a systematic approach by 

decoupling the microgrid into distinct subsystems, enabling detailed analysis and efficiency 

improvements from the solar PV source through to the electric motor load. The methodology 

combines modelling tools including SolidWorks for mechanical design and Simscape for 

electrical characteristics, creating a digitally representative model that facilitates system 

optimization before physical implementation. The integration of energy storage solutions and 

control systems, coupled with extensive simulation testing under various scenarios, 

demonstrated reliable operation despite ambient temperature variation and solar intermittency, 

while providing a robust framework for performance evaluation and system refinement. Key 

performance indicators such as solar PV power, battery power, bus voltage, step-up transformer 

rating, and real and reactive power requirements of the sucker rod pump system are visualized 

in the model. The files and intellectual property created in executing this research are shared by 

the author and available from [40]. 
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6.8 Organization of The work 

This work is a comprehensive study of the design, dynamic modelling, simulation and control of 

a sucker rod oil pump and its integration with a solar power system. The content is organized into 

several main sections and subsections. The chapter begins with an introduction and objectives, 

followed by a system description. The methodology forms the core of the work, divided into four 

main parts: modelling the sucker rod pump in SolidWorks and Simscape, detailed analysis of 

model-based subsystems, methodology for modelling a solar-powered sucker rod oil pump, and 

PV system design. Each of these sections is further broken down into specific components and 

processes, such as the prime mover, gearbox, surface pumping unit, and subsurface pump for the 

sucker rod system, and various elements of the solar power system including the PV array, DC-

DC converter, MPPT charge control, and battery storage. The research concludes with an analysis 

of the simulation outcome, providing a logical flow from conceptualization and modelling to 

results analysis. 
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Chapter 7 

CONCLUSION 

7.1 Summary 

Canada is currently confronted with exponentially increasing number of oil wells that are 

suspended, orphaned or abandoned. As remote oil wells continue to age, the need for deploying 

innovative solutions that adopt systems thinking to mitigate the environmental and economic 

impact of these aging infrastructures cannot be over-emphasized. This research provides low-cost, 

lean framework that well operators, facility managers and policy makers can quickly deploy to 

estimate the energy requirement and perform insightful feasibility study on the most suitable 

renewable energy system architecture that can be sustainably deployed to re-purpose aging 

candidate oil wells in a selected oil field. The framework provides technical and economic criteria 

that serve as key performance indicators to select the most feasible wells for implementation. The 

approach laid out in this research selects the sucker rod pump as a common artificial lift system 

and examines the impact of various parameters on the pumping mode in both intermittent and 

continuous production profiles, deploying 100% off-grid solar PV renewable energy and/or wind 

energy and battery storage. 

This research designs an open-source, supervisory control and data acquisition system to meet the 

energy and communications needs of this critical off-grid infrastructure and executes the design, 

modelling, simulation and control of the system, to ensure sustainable operation based on site-

specific historical renewable energy resource data. This framework lays a firm foundation for  

distributed renewable energy generation and decentralized microgrid adoption at scale , providing 

clean energy beyond the life of the oil wells for diverse uses such as onsite irrigation for agriculture 

and strengthens the distributed renewable energy infrastructure for the Prairies in Canada.  
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The summary of phases accomplished in this research is as follows: 

Sizing, Parametric Investigation, and Analysis of Automated Sucker Rod Pump using Beam Pump 

Simulators is presented in the third chapter. It applies an integrated approach combining Two (2) 

artificial lift simulators that are integrated for automated sizing of beam-pumped systems. A 

sucker-rod artificial lift system is optimally sized for a case study oil well, to obtain the minimum 

API rating of the pumping unit, sustain the target production rate, and determine the corresponding 

minimum prime mover required to drive the pump sustainably. Compared to using a single 

simulator for the case study, the integrated approach reduces the damped and polished rod 

horsepower by 54.9% and 26.5% respectively, for a corresponding decrease in minimum NEMA 

D motor size by 38.6%. These key performance indicators demonstrate the benefits of simulator 

integration in automated sizing of beam pumps. 

In the fourth chapter of this study, a novel analysis, design, optimal sizing, and techno-economic 

analysis of a renewable power system for a remote oil well is executed. Intermittent and 

Continuous production profiles are identified and combined with different renewable energy 

configurations to identify the optimal scenario. Using the intermittent pumping with solar PV and 

battery system as the benchmark, the continuous pumping system with hybrid generation 

demonstrates the following percentage changes: 

• Unmet Load: Reduced by 100% (from 4.55 kWh/yr to 0 kWh/yr). 

• Capacity Storage: Decreased by 95.2% (from 11.70 kWh/yr to 0.56 kWh/yr). 

• Net Present Cost (NPC): Increased by 123.4% (from $64,969 to $145,150.50). 

• Levelized Cost of Energy: Increased by 20% (from $0.425/kWh to $0.51/kWh). 

• Operating Cost: Increased by 132% (from $1,318/yr to $3,056.04/yr). 

These metrics highlight the trade-offs between cost efficiency and performance, with the hybrid 
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system achieving zero unmet load and significantly lower capacity storage requirements at higher 

costs. The research recommends the hybrid architecture with the least unmet load (solar 

photovoltaic, wind turbine, and battery storage) for continuous pumping scenario,  and the 

architecture with the least system cost but with slightly higher unmet load (solar photovoltaic with 

battery storage), for intermittent pumping.  

In the fifth chapter, the authors demonstrated both the software and hardware implementations of 

an Open-source, IoT-Based SCADA System for Remote Oil Facilities Using Node-RED and 

Arduino Microcontrollers. For data monitoring, logging, and visualization. Node-RED server that 

is hosted on a local machine is adopted. Terminal units are used for transmitting and aggregating 

sensor data to the master terminal unit on the local server. The system is designed for monitoring, 

supervision, and remotely controlling motors and sensors deployed for low flow-rate oil and gas 

facilities. 

In the sixth chapter, the authors perform complete load modelling of the sucker rod pump in 

SolidWorks and combine it with a Solar PV and battery system design, modelling, simulation and 

control in Simscape. Two parallel scenarios are specified for winter and summer operation. The 

onsite historical solar irradiance and temperature data for January and June are integrated with the 

microgrid model simulation. The state of charge under required load conditions in summer is 

observed to increase gradually from ~75% to ~90% over 19 s, while winter shows similar upward 

trend from ~75% to ~85% over 12 s. This verifies that the output power from the renewable energy 

system is sufficient to drive the squirrel cage induction motor prime mover and charge the battery 

storage system under normal operating conditions. 
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7.2 Future Study 

Significant advancements have been made in optimizing sucker-rod pump systems, integrating 

renewable energy sources, implementing low-cost SCADA solutions, and developing dynamic 

models for renewable-powered pumps. These innovations offer promising pathways for enhancing 

oil well productivity, sustainability, and operational efficiency. Future research should focus on the 

key aspects identified for each research area as follows : 

a. Sizing, parametric investigation and analysis of automated sucker rod pump using beam 

pump simulators: 

• Expanding the scope of the integrated sizing approach for sucker rod pumps, beyond beam 

pumps to other artificial lift methods, to include a wider range of well conditions and 

production scenarios.  

• Incorporating feature engineering and advanced machine learning algorithms to optimize 

the  parametric investigation and parameter selection process to further reduce iteration 

time and accuracy required for optimal sizing of sucker rod pump-powered oil wells. 

• Comparing the energy efficiency and economic benefits of this approach across different 

oil fields, diverse geological formations, well conditions and geographical contexts. 

• Field validation of the energy efficiency and economic analysis of this approach across 

different oil fields and geological formations to enhance its applicability across diverse 

well conditions, and  facilitate integration with broader smart oilfield concepts.  

• Performing a comprehensive study using measured site data of PVT, well deviation survey, 

geothermal gradient, Inflow Performance relationship, Vertical Lift performance, and 

equipment data (surface and downhole equipment data). 
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• Investigating the long-term performance and reliability of systems designed using this 

integrated method to provide valuable insights for industry practitioners. 

• Developing a user-friendly software interface that seamlessly integrates design and sizing 

using multiple simulators to streamline the design process for engineers. 

 

b. Optimal sizing and techno-economic analysis of a renewable power system for a remote 

oil well: 

• Investigating the technical and economic feasibility of a 100 % wind-powered oil well. 

• Comparing the use of hydraulic versus electric power from wind turbines to drive oil wells. 

• Investigating the design, modelling, simulation and control  of a hybrid renewable energy 

system comprising of 100% solar and wind energy powered oil well, with various types of 

artificial lift configurations. 

• Exploring the technical and economic feasibility of grid-tied solar and wind energy systems 

in an oil well, accounting for the carbon footprint of renewable energy integration and 

estimating the scope 1 and scope 2 emissions abated in MtCO2e. 

• Investigating the impact of grid-tied, large scale, distributed on-site renewable energy 

powered oil wells, on demand-side management strategies and smart grid technologies  

• Integrating advanced energy storage technologies, such as flow batteries or hydrogen fuel 

cells, into the renewable microgrid and investigating to improve system reliability, 

performance and reduce costs. 

• Comprehensive life cycle assessment to evaluate the environmental impact of the proposed 

system compared to conventional power sources. 
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c. Open Source IoT-Based SCADA System for Remote Oil Facilities Using Node-RED and 

Arduino Microcontrollers:  

• Transitioning the Node-RED application to a cloud-native platform, such as IBM Watson, 

to improve scalability and accessibility.  

• Investigation of wireless sensor data transmission, edge computing, cloud analytics, and 

machine learning to produce insights from sensor data. 

• Collecting real-time data from various sensors, including proximity sensors and load cells 

mounted on the sucker rod pump, so as to generate various dynamometer card plots. 

• Implementing email alerts and notifications to enhance real-time monitoring capabilities.  

• Mounting the transducers and sensors on a 3D model of a sucker-rod pump and integrating 

artificial intelligence and machine learning algorithms to develop a calibrated digital twin. 

• Expanding the functionality of the rotary encoder to enable automated speed control of the 

electric motor to optimize fluid production rates.  

• Strengthening security measures by adopting Secure Sockets Layer (SSL) encryption for 

HTTPS connections.  
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d. Design, dynamic modelling, simulation, and control of a solar-powered sucker rod oil 

pump:  

• Adoption of machine learning-powered algorithms for maximum power point tracking 

to effectively track maximum power from the solar PV arrays, using measured real-time 

data.  

• Investigating the dynamic modelling, simulation and control of other renewable energy 

sources, such as wind or geothermal 

• Developing advanced control systems and closed loop feedback systems to drive the 

performance of the induction motor under varying load conditions and actively 

compensate through reactive power supply and load balancing. 

• Designing more sophisticated energy storage systems, exploring emerging technologies 

like flywheels, flow batteries or hydrogen for energy savings in sucker rod pump driven 

oil wells.  

• Scaling up the model to simulate and optimize multiple interconnected induction motor 

prime movers powering several oil wells in an oilfield, potentially leading to more 

efficient field-wide resource management and production strategies. 

 

 

 

 

 

 



227 

 

7.3 List of Publications 

7.3.1 Journal Articles 

a. Osaretin, C., Butt, S., Iqbal, M. T. (2020). Sizing, Parametric Investigation and Analysis 

of Automated Sucker Rod Pump using Beam Pump Simulators, Journal of Chemical 

and Petroleum Engineering, 54(2), pp. 235-251. 

https://doi.org/10.22059/jchpe.2020.295689.1303. 

 

b. Osaretin, C.A., Iqbal, T., and Butt, S., 2020. Optimal sizing and techno-economic analysis 

of a renewable power system for a remote oil well. AIMS Electronics and Electrical 

Engineering, 4(2), pp.132-153. https://doi.org/10.3934/electreng.2020.2.132. 

 

c. Osaretin, C.A., Iqbal, M.T. and Butt, S., 2025. Design, Dynamic Modelling, Simulation 

and Control of a Solar Powered Sucker Rod Oil Pump. Journal of Electronics and 

Electrical Engineering, 4(1),  pp.105-137. https://doi.org/10.37256/jeee.4120256168. 

 

7.3.1 Conference Publications 

a. Osaretin, C.A., Zamanlou, M., Iqbal, M.T. and Butt, S., 2020, November. Open source 

IoT-based SCADA system for remote oil facilities using node-RED and Arduino 

microcontrollers. In 2020 11th IEEE Annual Information Technology, Electronics and 

Mobile Communication Conference (IEMCON) (pp. 0571-0575). IEEE. 

https://doi.org/10.1109/iemcon51383.2020.9284826. 

 

https://doi.org/10.22059/jchpe.2020.295689.1303
https://doi.org/10.3934/electreng.2020.2.132
https://doi.org/10.37256/jeee.4120256168
https://doi.org/10.1109/iemcon51383.2020.9284826

